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THE ZYGOTE OF CHLAMYDOMONAS MOEWUSILE 
Race A. LEWIN? 


Abstract 


The processes of gamete fusion, zygote development, and zygote germination 
in Chlamydomonas moewusii are described. Light, previously shown to be 
essential for vegetative growth and for sexual activation, also appeared to be 
required for gamete fusion and for zygote maturation, but not for germination. 
Fully mature zygospores, enclosed in thick, impermeable walls, germinated 
erratically; experimental efforts to promote their earlier and more regular 
germination were unsuccessful. Germination as high as 60 to 90% was achieved 
by limiting the illumination which the zygotes received during their development. 


Chlamydomonas moewusii Gerloff is a unicellular green flagellate in which 
regular heterothallism has been demonstrated (5, 11). (Gerloff described 
C. moewusii in an attempt to establish a legitimate name for the controversial 
“C. eugametos”’ of Moewus. However. for convenience the latter name is 
retained here when reference is made to Moewus’s original observations.) 


The motile, biflagellate cells are haploid, facultative gametes, which pair 
under suitable physiological conditions (12), and ultimately fuse in zygosis. 
The zygospores so formed constitute the only diploid phase of the simple 
life cycle. After a resting period of indefinite length, they may germinate 
with meiosis to produce haploid biflagellate cells once more. This paper 
is concerned with observations on the formation and germination of zygotes, 
and the experimental control of these processes. 


1. Materials and Methods 


The algal strains, media, and cultural conditions employed have been des- 
cribed elsewhere (11). 

Nuclei were stained by a modification of the De Lamater technique (3). 
Cells mounted on cover slips were fixed with Carnoy’s solution (6 volumes of 
ethanol, 3 of chloroform, 1 of acetic acid), hydrolyzed in 1.0 N HCl at 60° 
for 15 minutes, washed, and stained in 0.35% aqueous gentian violet for 1 
to 3 hours. Preparations were dehydrated in tertiary butyl alcohol, trans- 
ferred to xylene, and mounted in Canada balsam. 

‘Manuscript received May 24, 1957. 

Most of the work reported here was carried out at Yale University, and was submitted 


as part of a Ph.D. thesis in June, 1950. A preliminary note has been published (9). 
2Present address: Marine Biological Laboratory, Woods Hole, Massachusetts, U.S.A. 
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2. Zygote Formation 


In most organisms, the association of gametes in pairs is soon followed 
by cell fusion. In C. moewusii, however (Figs. 1-3, 36), the paired gametes 
remain for some hours connected by a narrow cytoplasmic bridge; a similar 
stage has been reported in other species of Chlamydomonas (14, 24). Though 
motility is retained, it is not strictly correct to refer to this phase as a 
planozygote; it is not in any sense a zygote, but a pair of structurally distinct 
haploid cells. 

The duration of the period between pairing and cell fusion was found to 
depend on the amount of light reaching the cell pairs. In darkness, green 
light, or white light of an intensity below 5 foot-candles (ft-c.), neither auto- 
trophic growth nor gamete fusion occurred, and after a few days the paired 
cells died. Light could not be replaced by a carbon source (e.g. 0.2% glucose, 
fructose, sucrose, sodium acetate) or by any of the vitamins tested (thiamine, 
riboflavin, niacin, pantothenic acid, biotin, para-aminobenzoic acid, folic 
acid). At 21° and under illumination of 500 ft-c. a minimum of 6 hours of 
light was required; at lower intensities the duration required for cell fusion was 
correspondingly prolonged. However, it appeared that the process was not 
directly dependent on photosynthesis, since fusion proceeded in an illuminated 
chamber from which COs had been absorbed by sodium hydroxide solution. 

The flagella were withdrawn, as observed in C. chlamydogama (2), the process 
taking about 30 minutes. The actual fusion of the cells required about 1 to 2 
hours for completion, and, as in C. eugametos (14), varied somewhat in details. 
The nuclei appeared to enlarge and to migrate into the anterior portions of 
the gametes, while the cell walls in the region of the protoplasmic bridge broke 
down to permit more extensive fusion of the cytoplasts (Figs. 4-16, 37, 38). 
When any marked difference in size was observed, the protoplast of the smaller 
gamete usually migrated into the wall of its partner, where fusion took place; 
otherwise, both protoplasts emerged and fused in a vesicle largely outside 
both cell walls. In any case, ultimately both gamete walls were cast off, the 
protoplasm becoming enclosed in a primary zygote membrane (10). 

The nitrogen source normally supplied in these experiments was in the form 
of potassium nitrate (0.017 g. per liter). On media containing ammonium 
salts, in which the pH dropped below 6.0 as the cation was assimilated, the 
vegetative cells retained their ability to grow, but all developing zygotes died, 
as evidenced by discoloration and ultimate degeneration. 





The scale mark=10y in every case. 

Fics. 1-3. Pairing of gametes. (Unstained.) Fics. 4-11. Fusion of gametes. (Stained 
with gentian violet.) Fics. 12-14. Developing zygotes. (Unstained.) Fics. 15-16. 
Developing zygotes. (Stained in gentian violet, mounted in balsam. Shrinkage of 
protoplasm evident.) Fics. 17-20. Mature zygospores, associated with primary zygote 
membranes. FiG. 21. Abnormal zygospore, possibly formed by fusion of more than two 
gametes. Fics. 22-24. Germination of thin-walled zygotes, developed under conditions 
of limiting illumination. Fics. 25-27. Germination of zy gospores with — walls, 
developed in longer illumination than those shown in Fics. 22-24, Fics. 28-31. Germi- 
nation of zygospores to form three, five, six, or seven zoospores by atypical division. 
Fics. 32-35. Germination of atypical zygospores. 
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3. Zygote Maturation 


In the further development of the zygote, light was again required; and, in 
this case, so also was carbon dioxide. Zygotes receiving less than 14 hours 
of illumination, and subsequently maintained in darkness, did not achieve 
a stage capable of germination. However, they remained viable for a while, 
and many could be carried to maturity if adequately reilluminated within 
about 3 days of their formation. 

The gamete nuclei appeared to fuse within 24 hours after cytogamy, as 
was also observed by Schaechter and De Lamater (17), while considerable 
enlargement of the zygote took place. In natural alternation of daylight and 
darkness, zygote development was slow, and maturation took as much as 1 
to 2 weeks, as in C. eugametos (14). Under constant illumination of 500 ft-c., 
the diameter averaged 16y after 24 hours, 22yu after 36 hours, and 25y after 
48 hours (when the cells were fully grown). The form, initially oblong, be- 
came more or less spherical. The volume increased 30- to 60-fold, indicating 
a growth rate comparable with that of the vegetative cells, in which the 
doubling time was found to be about 9 hours under optimum conditions. 
Schreiber (18) observed a similar close agreement between the rates of mass 
increase in the haplophase and diplophase of Eudorina. 

As the cell enlarged, the contents became darker green and starch accu- 
mulated, until the two gamete pyrenoids, readily distinguishable in the young 
zygote, were lost to view. Beneath the primary zygote membrane, the 
zygospore wall began to thicken about 24 hours after mating, developing a 
reticulate relief within the next day (Figs. 17-20, 39, 40). The minimum 
illumination required for the formation of thick-walled zygotes was about 
25 ft-c., under which zygospores 20u in diameter developed within a week. 
These thick walls, which are presumably at least partly composed of cellulose 
(cf. 19), are remarkably impermeable. Zygospores of C. moewusii, like those 
ot C. nasuta (6), remained green and apparently healthy when immersed in 
various cytological fixatives, or in various alcohols and dilute acids, which 
killed vegetative cells almost instantly. Many zygospores, stored for a 
week in acetone, germinated when transferred to fresh medium. Spores of 
C. moewusii remained green and retained viability for at least five years in 
ordinary dry air at room temperatures, whereas those of C. eugametos were 
reported to be killed by drying (14). 

The sensitivity of zygospores to heating was only slightly less than that 
of vegetative cells. The maximum temperatures tolerated by zygotes and 
vegetative cells, heated for 60 seconds, were 52° and 46° respectively; or, 
heated for 90 seconds, 50° and 44° respectively. Zygotes killed by heat 
soon decolorized, becoming yellow and ultimately bleached, discoloring more 
rapidly in light. 


4. Zygote Germination 


Zygospores matured under constant illumination for 2 or more days entered 
a condition of dormancy. Germination was delayed and erratic, rarely ex- 


ceeding 1% even after some weeks, though up to 10% was reported in the 
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Fic. 36. Pairing of gametes. Fic. 37. Fusion of gametes, showing pyrenoids. 
Fic. 38. Developing zygote. Fics. 39, 40. Mature zygospores. Fic. 41. Germination 
of thin-walled zygote. Fic.42. Atypical germination of zygote, producing five zoospores. 
Fics. 43,44. Liberation of zoospores from wall of zygospore. 
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original description of C. moewusti (5). Since this constituted a serious 
obstacle to systematic genetic analysis, attempts were made to ‘‘break’”’ 
dormancy and to ensure a high percentage germination. A variety of agents 
and treatments were tested in empirical attempts to induce regular 
germination of mature zygospores. For such experiments, zygospores were 
isolated singly by micromanipulation, or en masse, by treating mixtures con- 
taining ripe zygospores in such a way as to kill all vegetative cells, e.g. by 
brief treatment with acetone or saturated sodium chloride, or by heating to 
50° for 1 minute. Colonies on agar which arose from zygotes contained cells 
of both mating types, which gave rise to readily recognizable gamete pairs 
when suspended in water and illuminated. They could thereby be distin- 
guished from clones arising from any haploid cells which might have survived. 

The treatments tested, summarized in Table I, were uniformly ineffective. 


TABLE I 


TREATMENTS OR AGENTS TESTED ON GERMINATION OF MATURE ZYGOSPORES 


(In no case was germination promoted beyond that in controls) 


Age of spores Range of period 
(days) Treatment or agent tested of treatment 
12 37°, on agar 48 hr. 

11 45°, dry 15 sec. — 30 hr. 
10 —17 1 —~ 4 days 

8, 18 Cold water extract of soil 3 days 

8, 18 Autoclaved extract of soil 3 days 

14 Saturated NaCl 10 sec. — 36 hr. 
36 Acetone 20 sec. — 12 days 
9 Ethylene chlorhydrin vapor 90 min. — 6 hr. 

6 75% H.2SO, 30 sec. — 8 min. 
6 50% H.SO, 1 — 60 min. 


9 Reduced O. pressure 7 days 


Incorporated into medium: 


7, 28 Soil extract; various concentrations 14 days 
4, 28 Chlamydomonas decoction; various conc. 14 days 
7, 238 Yeast extract; 7000, 700, 70, 7 p.p.m. 14 days 
7.3 \s.0O:, ascorbic acid, colchicine, cystine, 

furfural, fumaric acid, glutathione, 

indoleacetic acid, yeast nucleic acid, 

KCNS, Na desoxycholate, Na thiogly- 

colate, ‘‘Tergitol’’, thiourea, thiamine, 

xvlose; each at 70, 7, 0.7, and 0.07 p.p.m. 14 days 


Germination of such spores is possibly associated with a depletion of 
some intracellular metabolities; and incubation at higher temperatures, or 
increasing the permeability of the spore coat in various ways, may promote 
the oxidative dissimilation of such substances. Starr (22) succeeded in 
inducing 90% germination in zygospores of C. chlamydogama by incubating 
them at 37° for 2 days. However, in the case of C. moewusit, all such attempts 
failed. An alternative approach was therefore considered, namely, to try 
to curtail the period of dormancy by altering the conditions in which the 
zvgospores are formed, in the hope of inhibiting the deposition of a thick, 
impermeable wall or the accumulation of reserve metabolities. 
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Thin-walled zygospores were produced in Spirogyra by culture in a medium 
deficient in calcium (15). However, zygospores of C. moewusii, formed on 
Ca-deficient media, with or without the addition of 0.035% sodium oxalate, 
were indistinguishable from those in control media. 

It was finally observed that zygotes which had matured in dim light for 
2 to 6 days developed thinner walls than normal, and ultimately as many as 
10% germinated. This provided the clue to further experiments on the effect 
of reducing the light dosage. Agar slants bearing developing zygotes were 
illuminated by bright light (500 ft-c., 21°) for a limited period, were transferred 
to darkness at 27° for some hours, and were then reilluminated. After some 
days, the approximate percentage germination was estimated, based on ex- 
amination of 50 to 100 zygotes in each sample. 

It will be seen from the experiments summarized in Tables II and III that 
a prolonged period of initial illumination inhibits the ultimate germination 
of the zygotes. It was again observed that a high percentage of germination 


TABLE II 


EFFECT OF DURATION OF INITIAL LIGHT PERIOD AND St BSEQUENT DARK PERIOD ON GERMINATION 
OF ZYGOTES (APPROXIMATE PERCENTAGE GERMINATION OBSERVED 20 DAYS AFTER MATING) 


Duration of subsequent dark period (hr.) 


Duration of 0, 12, 24 36 48 60 72 84 

initial light . 

period (hr.) % germination 
12 0 0 0 0 10 5 
24 0 4 3 2 Zz 3 
36 0 4* 11t 11 ot 9 
48 0 5 23":4 14 12t 14*,7 
60 0 0 1 1 6* 1 
72 0 0 7 3 0 2 





Nore: In most cases, zygotes produced four or eight zoospores. 
* Zygotes producing only two zoospores observed. 
t Zygotes producing 16 zoospores observed. 


TABLE III 


EFFECT OF DURATION OF INITIAL LIGHT PERIOD AND SUBSEQUENT 
DARK PERIOD ON GERMINATION OF ZYGOTES (APPROXIMATE PER- 
CENTAGE GERMINATION OBSERVED 12 DAYS AFTER MATING) 


Duration of subsequent dark period (hr.) 


Duration of 48 60 72 
initial light - - - - 
period (hr.) % germination 

24 1 25 25 

36 5 10 12 

48 0 0 0 
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occurred in those cultures which, having received less light, contained thin- 
walled zygotes. (The figures given are only approximate, since for various 
reasons the zygotes were not evenly distributed over the agar surface, and there 
was some evidence that germination was partly inhibited under crowded 
conditions.) 

These preliminary experiments indicated that germination would occur 
in darkness, and that the second period of illumination was unnecessary. In 
subsequent experiments, the temperature of incubation in darkness was varied, 
and the number of haploid zoospores produced on germination was noted. 
The results are summarized in Tables IV and V, and in Fig. 45. Treatments 
involving light dosages of 500 ft-c. for 24 to 30 hours, or of 250 to 300 ft-c. 
for 36 to 48 hours, followed by incubation in darkness at 21° for 6 to 10 days, 
produced oval, thin-walled zygotes 16 to 20u long, of which usually more 
than 60% germinated. 

In the final stages of germination, the inner layers of the zygospore wall 
appeared to be digested, and the sculptured extine split open or fell apart 


TABLE IV 


EFFECT OF DURATION OF INITIAL LIGHT PERIOD AND TEMPERATURE 

OF SUBSEQUENT DARK PERIOD ON GERMINATION OF ZYGOTES 

(APPROXIMATE PERCENTAGE GERMINATION OBSERVED 6 DAYS AND 
10 DAYS AFTER MATING) 











Germination (%) Germination (%) 
Duration of after 6 days at: after 10 days at: 
initial light - 
period (hr.) 20° 25? —— 3” 20” «625 30° 
13 0 0 0 0 0 0 
iS 0 0 0 6 0 0 
17 6 1 0 38 7 4 
19 28 1 0 34 64 10 
21 54 28 2 48 78 37 
23 if 30 2 84 60 85 
25 4 0 0 82 50 7 
27 0 0 0 92 56 28 
TABLE V 


EFFECTS OF TEMPERATURE OF DARK PERIOD ON GERMINATION OF 

ZYGOTES AND ON NUMBER OF ZOOSPORES PRODUCED (INITIAL LIGHT 

PERIOD, 27 HR. APPROX. PERCENTAGE GERMINATION OBSERVED 
13 DAYS AFTER MATING) 








Zoospores produced per 


zygote 
2 4 8 Germination 
Temperature of §—©£—————_________———_- total 
dark period % germination (%) 
20° 3 75 18 96 


25° 4 93 3 100 
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Fic. 45. Effect of duration of illumination, and temperature of incubation in darkness, 
on germination of zygotes of Chlamydomonas moewusii. 
------ Germination 6 days after mating. 
Germination 8 days after mating. 


in several pieces to liberate the motile zoospores (Fig. 27). There were 
indications that at temperatures below 20° the lysis of the wall was insufficient 
to liberate the contained spores, so that germination was incomplete. 

Typically, four or eight zoospores were produced (Figs. 22-26, 41), but, by 
more than one postmeiotic mitosis, 16 or even 32 were occasionally formed. 
When the period of illumination was reduced, the frequency of simple tetrads 
was higher, but viability tended to be impaired. Zygotes occasionally pro- 
duced zoospores in numbers not a power of two. It was usually possible 
in such cases to recognize that one of the regularly formed zoospores had 
undergone a supernumerary division, or that cytokinesis had failed with the 
consequent production of a double cell (Figs. 28-35, 42). Rarely only two 
zoospores were observed; their nuclear condition was not determined. 

Genetic data from zygotes induced to germinate by this technique have 
been published (11). It was considered of practical advantage to induce 
zygotes to produce only four zoospores, rather than eight or more, since in 
this way the labor of genetic analysis of the meiotic products was reduced. 
For this reason, the illumination of developing zygotes was kept at a practical 
minimum. However, there are indications from more recent data that nuclear 
fusion and subsequent meiosis may not always have taken place in ‘‘zygotes’”’ 
formed under conditions designed to promote accelerated germination. In 
certain analyses of zygotes from the same cross, matured for different periods, 
recombination in the progeny from older zygotes indicated no linkage, whereas 
recombination was apparently suppressed in those which germinated first. 
Only two markers were employed, and the results were not statistically 
significant, but it may be worth pointing out this possibility in consideration 
of tetrad analysis data. 
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5. Discussion 


Light appears to be an absolute requirement for at least four processes 
in the life-cycle of Chlamydomonas moewusi1: 

(a) Vegetative growth and multiplication (8). 

(6) Gamete activation (12), leading to clumping and pairing. 

(c) Cytogamy, i.e. fusion of the paired gamete protoplasts. 

(d) Zygote enlargement and maturation. 

The accumulation of intracellular carbohydrate by photosynthesis does 
not appear to be directly involved in processes (0) and (c), which can proceed 
in light in the virtual absence of carbon dioxide. It may be that at each of 
these steps energy is required, supplied perhaps through a photosynthetic 
phosphorylation which cannot be replaced by oxidative phosphorylation 
of a supplied substrate. It is significant that in facultative heterotrophs 
such as Protosiphon botryoides (13) and Chlamydomonas reinhardi (16), not 
only growth but also gamete activity and zygote formation can be supported 
in darkness by an exogenous metabolite. 

Smith (20) pointed out that species of Chlamydomonas can be divided 
into two groups. In some, the zygotes do not enlarge after gamete fusion, 
and produce four zoospores on germination. In others, photosynthetic 
activity of the zygote results in its enlargement by a linear factor of 2 to 3; 
in many of these species, 8, 16, or 32 zoospores are formed. Evidently 
C. moewusit belongs to the latter group. 

A prolonged period of illumination of the zygospores of C. moewusit was 
found to lead to a condition of dormancy, and regular germination of such 
spores could not be induced by any of the experimental treatments tested. 
On the other hand, zygotes grown in dim light or illuminated for a short period 
were apparently unable to carry out sufficient photosynthesis to enter the 
dormant state, and germinated readily. Whether this result could be at- 
tributed to the lack of thickening in the walls, or to accumulation of insufficient 
intracellular reserves, was not determined. It is probable that Gerloff (5) 
was able to achieve 10% germination in this species because he employed 
lower illumination during the development of the zygotes than that used in 
the present study. 

Light was apparently not required for zygospore germination in this species, 
nor in Stephanosphaera (23), though it was reported to be essential for germi- 
nation of Eudorina oospores (18). 

The problem of inducing zygospore germination has bedevilled many studies 
of the life-cycles of green algae (see 1, 4, 21). Attempts to break dormancy 
have usually been based either on simulation of ‘‘natural’’ conditions (e.g. 
7, 19), or on empirical shock treatments with heat, cold, various chemical 
agents, etc., but there have apparently been no systematic studies on the 
comparative physiology of algal zygotes and vegetative cells. A number of 
processes are involved in zygospore germination. At some time, meiosis 
begins, followed by cytokinesis, followed in turn by the digestion of the 
several layers of the zygospore wall to liberate the zoospores. We have still 
no inkling as to the stimulus which initiates this chain of events. 
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FILAMENTOUS GROWTH IN BASSWOOD TISSUE CULTURES! 
W. G. BARKER? 


Abstract 


Filamentous growths have been observed in various regions of many varieties 
of higher plants. They have been noted particularly in tissue cultures and in 
similar locations in vivo, i.e., where humidity was high and the nutrition appro- 
priate. The reasons for this phenomenon have not been investigated completely 
although it had been proposed that this represented the initial stages of callus 
development. 

This present paper explores the possibility that the outgrowths termed 
filamentous are the result of two circumstances, a highly humid environment 
combined with the isolation of the initiating cells either spatially or through the 
favoring of one cell over its neighbor nutritionally or through other means that 
would cause a sharp differential in growth rate. 


Introduction 


The observation that callus cultures of higher plants occasionally will 
assume a filamentous form is not new, having been reported by a number of 
authors. Little attempt has been made to interpret and understand this 
phenomenon since many of the early workers merely seized upon such struc- 
tures as material for the study of cell walls (4, 7, 8). More recently, however, 
Gautheret (6) commented that such ‘ ‘peeudothalli” represented the initial 
stages of callus growth while his compatriot, Nysterakis (10), working with 
pith cultures of Aucuba japonica, speculated on the passage from the cellular 
form of the higher plant to the characteristic form of some fungi. 


Materials and Methods 


In investigating the cultural characteristics of the medullary sheath region 
of the basswood, Tilia americana L., the author (1, 2) succeeded in establishing 
tissue cultures wherein the cells of the medullary sheath region produced 
abundant callus. Very often a filamentous form was assumed by these 
cultures and, since the habit was persistent in many cases, it became obvious 
that Gautheret’s (6) assumption at best was only partially applicable. A 
study was undertaken to examine more closely the nature of these delicate 
structures by in vitro techniques. 


Observations and Results 


The filaments were composed of thin-walled cells that often were clear but 
that frequently contained a substance with the appearance of tannin. An 
alternation of clear and filled cells frequently was observed, a fact discussed 
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both by Ball (3) and Bloch (5). The cells were faintly chlorophyllose, giving 
the filaments an algal-like (11) rather than a fungal-like appearance. Filaments 
were extremely delicate but could attain a length of some two centimeters. 
Branching occurred in the manner termed ‘‘arbusculate’”’ by Nysterakis (10), 
whereby a single cell gave rise to two, three, or even four cells, each of which 
continue to divide and form a chain. 

For the most part the filaments appeared to have their origin in the pith 
region of the culture although this was not invariably true. Filaments have 
been noted from the medullary sheath region, from the region of the phloem, 
and from the cortex. It has been observed also that filamentous growth 
repeatedly appears in old or senescent cultures and in cultures overwhelmed 
by fungal contaminants. Those structures that occurred as the primary 
stages of callus growth seemed much shorter, were not persistent, and were 
eliminated as the main body of the callus grew out. 

These preliminary observations and a search of the literature forced the 
adoption of a thesis that required both that the filaments would form only 
under extremely humid conditions (in damp chambers, in the interior of leaves, 
and in vitro) and when isolated cells grew while those immediately adjoining 
either failed to proliferate or did so at a drastically reduced rate. 

In the basswood cultures filaments appeared where, through tightly applied 
screw caps, the humidity was maintained at a high level. If the filamentous 
material was removed and exposed to the atmosphere of the room the 
filaments would collapse and perish very quickly. If the cultures were grown 
in bottles loosely plugged with cotton (R. H. less than 75°) filaments would 
fail to appear while cultures already bearing them soon lost them when 
transferred from the humid atmosphere. This bore out the premise that a 
high humidity is necessary for the formation and maintenance of filamentous 
growth. 


The second part of the postulate, while somewhat obvious, was more 
difficult to demonstrate. It was felt that, should conditions be made some- 
what marginal as to whether growth would or would not occur, the filamentous 
habit would increasingly appear, providing the humidity was high. Conse- 
quently, cultures were initiated on media ranging from fluid (no agar) to hard 
(5% agar) since a difference in rapidity of callus growth previously had been 
related to the stiffness of the medium. It was found that, while growth would 
occur at all levels, there was a greater appearance of filaments both at the 
upper and lower limits than in intermediate culture (0.5-2.0% agar). 

The reasons for this were quite different and yet amounted to the same thing. 
In the fluid culture callus growth was lush but, in addition, a prolific flow of a 
mucilagenous substance frequently was observed. Apparently this reduced 
the growth of the cells in the pith to such an extent that only a very few 
succeeded in growing at all. This isolation of viable initials resulted in the 
formation of cell chains. Growth on the hard agar generally was retarded 
and yet certain cells of the pith, perhaps through favorable position with 
regard to nutrition, a greater vigor initially, other similar considerations, or 
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combinations of these factors, were able to grow while neither the adjoining 
cells nor the more rapidly growing medullary sheath elements were able to 
interfere. 

Examination of the filaments growing on necrotic cultures revealed that 
widely scattered cells had continued to grow following the general cessation of 
proliferation in the callus mass. These persisted as a filament only because 
neighboring cells did not add to the growth and so form a pad. Presumably 
the same sort of argument could apply to those infrequent filaments that 
were formed by callus cultures that had become contaminated by fungi. 
Outgrowths from many of the viable initials would have been neutralized by 
the oppressive activities of the fungi resulting, therefore, in the described 
growth pattern. 

Discussion 

As Nysterakis (10) has suggested, a great deal could be made of the reversion 
from the characteristic massive form of the typical higher plant to the hyphal 
form of some fungi. However, these theoretical implications, interesting as 
they may be, will not be discussed in the course of this paper. It is sufficient 
to point out that individual cells from the differentiated regions of a higher 
plant are able to grow as isolated units and, in that growth, undergo divisions 
for the most part at right angles to the long axis of the structure. 

It would not be hard to assume from this evidence that it is but a step to 
the growth of a single cell on a synthetic medium. If the appropriate nutrition 
could be provided, then the single cell conceivably could grow out. The 
production of a suitable medium for the basswood single cell is unlikely at an 
early date since it has proved to be impossible as yet to grow the callus tissue 
excised from the wood of the implant. The growth of an isolated cell of one 
of the tissue types now grown so commonly in vitro should be quite probable 
as was demonstrated by the very clever approach to this of Muir et al. (9). 
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A STUDY OF SIZE DIFFERENCES IN TWO STRAINS OF 
CUCURBITA PEPO L. 


I. GROSS SIZE DIFFERENCES! 
Kk. E. von MALTZAHN 


Abstract 


Size differences were studied in vegeti itive organs of two purebred strains of 
Cucurbita pepo L. which differ greatly in size by their genotype. 

The growth pattern of plants of the selected strains was found to be essen- 
tially the same in the two types. The two strains exhibited great differences in 
mature organ size, but only small differences in number of organs. 

No correlation was found between embryo size and mature size. In the 
early stages of primary shoot development, however, a correlation was found 
between embryo size and the rate of new organ initiation. This correlation dis- 
appeared during the later stages of plant development. The parental strains 
had similar rates of organ formation, while the crosses showed hybrid vigor with 
respect to rate of new organ formation. 

Sizes of the apical meristems and organ primordia were essentially the same 
in the large and small strains and did not appear to determine mature organ 
size differences. 

Development of size differences between the same organs of the two strains and 
the crosses was found to be mainly due to duration of organ growth. Rates of 
organ growth differed only slightly between the strains. Increase in size of 
successively formed organs of the same strain was also found to be mainly 
due to duration rather than to rate of organ growth. 


Introduction 


Not only size but methods by which size differences develop are typical 
for each organism, and both those traits are inherited. The size and bulk 
of every organism show also a great degree of constancy in its spatial distri- 
bution or form. The problem arises whether, in genotypical control, size 
and shape are separable. In the species studied here there is good evidence 
(Sinnott (1931)) that in the fruits, at least, size and shape are inherited quite 
independently. If this is true it should be possible to study the development 
of size differences independently of any other differences. 

The purpose of the present study is to investigate the means by which genetic 
differences in size are brought about. Two strains of Cucurbita pepo were 
selected which showed marked size differences in their various organs. A 
rather complete analysis of those differences in the fruits of Cucurbita pepo 
has been made by Sinnott (15, 16, 17) and Sinnott and Whaley (18). Chief 
emphasis in this study was put on the vegetative parts of the plants, because 
in this material little is known about developmental determinations in these 
organs. The development of size differences as controlled by the genotype 
should be established quantitatively in terms of initial size of embryo and 
meristem and in terms of rate and duration of growth. 
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Material and Methods 


The two strains selected have been isolated and inbred for many years 
by Sinnott and can be considered as almost purebred or homozygous strains. 
The large strain, designated as CF, was isolated from a race of Connecticut 
field pumpkins, and the small one SRC, from a small rounded Chinese gourd. 
The two reciprocal crosses have been included in most cases for a study of 
the influence of mature embryo size on determinations of mature plant and 
organ size. 

Seeds used for this study were not planted earlier than 6 weeks after their 
removal from the mature fruits, often after a considerably longer time. 

During the winter months seeds were planted in the greenhouse; during 
the summer months the plants were grown in the field. Randomization 
in planting in the field and greenhouse was applied by means of a Latin 
square design. For an analysis on the gross morphological level, four 
replicas of a Latin square, or 16 plants per strain, were used in the field and 
three replicas, or 12 plants, in the greenhouse. In some cases the measure- 
ments were obtained from a slightly smaller number of plants because of 
low germination of seeds. 


Results 
General Size Differences 
For the determination of over-all size differences, a comparable develop- 
mental stage was chosen as 40 days after seed planting in the field. Sub- 
stantial growth of the main axis had by then been made, but hardly any 
secondary branches had grown. Table I shows first the over-all length of 
the plants of the two parental strains and the reciprocal crosses. 


TABLE |] 


COMPARISON OF SIZE IN PLANTS 40 DAYS AFTER SEED PLANTING 


CK SR¢ SRC X CF CF XK SR¢ 

Length of plant, cm. 96.1 + 26.7 37.6 13.6 85.2 + 23.9 99.1 + 34.0 
Fotal no. of leaves (including 

leaf prim.) oa.4 & 42.2 34.8 + 3.4 39.6 + 3.3 41.6 + 3.4 
Internode length below 

leaf No. 7, cm. 6.0: + 1.2 re 0.5 se. Oe 5.8 + 0.8 
Size of leaf (leaf No. 7 

Lamina length, cm. 199.5 3 1.6 95 + 1.0 14.8 1.1 14.6 + 1.8 

Lamina width, em. 24.6 + 2.5 12.3: 3 1 9.7 1.8 19.0 + 2.2 

Petiole length, cm. ays 2.9 10.1 + ee isn.2 + 2a 13:0 + 2:6 


Since plant length is determined by both the number and the length 
of internodes, these must be compared in the strains and the crosses at 
this developmental stage. These data are given also in Table I. The two 
parental strains, CF and SRC, differ greatly in absolute size at this develop- 
mental stage. These differences are expressed both in number and size of 
determinate vegetative organs. 

It is necessary for an adequate description of the plants to determine 


also the size distribution of successive organs. This is represented for 
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length, width, and volume of successive internodes; these have been plotted 
against internode number where No. 1 stands for the oldest internode (Fig. 1a 
and Fig. 2a). 

While the absolute size of the internodes differs greatly between the strains 
and the crosses, these graphs show a similar size periodicity of successive 
internodes in CF, SRC, SRC X CF, and CF XK SRC. The graphs show 
that the relative increase in length of successive internodes is larger in CF 
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compared to SRC. The relative decrease in width of successive internodes 
is smaller in SRC. The maxima for internode length lie for both parental 
types near the middle of the curves, the maxima for internode width 
(diameter) at the oldest internode. The size pattern of successive internodes 
is therefore similar in the two parental strains. 

The absolute size and the size distribution of successive internodes is, 
with the exception of minor variations, the same in the two reciprocal 
crosses. Both are closer to CF in internode length and closer to SRC in 
internode width. The size distribution of successive organs of the two crosses 
is similar to that of the two parental strains. 

If volumes of successive internodes, determined as V, = 7r’l, of the crosses 
are compared with those of the parental types (Fig. 3), it is found that those 
of the crosses show a geometric rather than an arithmetric mean as compared 
with the volumes of the parents. 

Another stage of development was compared in plants grown in the 
greenhouse and thus under considerably different environmental conditions. 
The plants were grown during late fall. The results obtained at this stage 
are important for a comparison of absolute size and size patterns obtained 
under quite different environmental conditions. The relationships between 
successive internode size of CF, SRC, and SRC X CF for internode length, 
width, and volume are represented in Fig. 1b and Fig. 2b. Although the 
stage here compared was analyzed 53 days after planting of the seeds, the 
absolute size of the internodes still was considerably smaller than that of 
the field grown plants which were measured 40 days after planting. This 
difference was less in internode length than in internode width and volume. 
It should be emphasized, however, that in spite of this reduction in absolute 
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size of the internodes the curves show that the size differences of successive 
internodes between the two parental strains and in the cross remain unchanged. 
The size pattern of successive internodes and distribution of size maxima also 
remain unchanged for each size character compared with those obtained 
under field conditions. Here also, volume of SRC X& CF was at the geometric 
mean of the two parental types. 

The distribution of size of successive leaves at this stage was determined 
in these plants grown in the greenhouse during late fall. Lamina length 
and lamina width of successive leaves were plotted against leaf number 
as shown in Figs. 4 and 5. The curves show that the two parental strains 
differ considerably in absolute size, but that the distribution of size of 
successive leaves is quite similar for all three. Both length and width of 
successive leaves of SRC X CF are closer to CF than to SRC. 

Length, diameter, and volume of petioles of successive leaves were also 
plotted against leaf number, and are represented in Figs. 6, 7, and 8. The 
two strains differ greatly in absolute size of their petioles, while the size 
distribution of petioles of successive leaves is again similar in the two strains 
and the cross. Length of petioles of successive leaves of the cross is found 
to be closer to CF, width closer to SRC, volume about intermediate. 

Fig. 9, in which both petiole length and lamina length of successive leaves 
of the two parental strains are plotted separately, shows again the resemblance 
between the two strains in their size pattern at this stage of development. 
The maxima and size distribution for the parts of the leaf are similar in each 
case though they differ considerably in absolute size. 

It should be pointed out that the petiole length of young immature leaves 
is shorter than their respective lamina length, while mature leaves have 
laminae shorter than their petioles. 


Distribution of Flowers 

In both parental strains, staminate and pistillate flowers develop on the 
same plant and each leaf axil has one flower. The flowers develop in the 
following order: sterile staminate flowers, fertile staminate flowers, fertile 
pistillate flowers, and parthenocarpic pistillate flowers. The transition 
from staminate to pistillate flowers is not abrupt, but continuous, in that 
staminate flowers are dispersed between pistillate flowers, but the proportion 
of pistillate flowers increases steadily during this phase of development. 

This distribution was found to be similar in the two strains. The propor- 
tionate number of pistillate to staminate flowers was examined quantitatively 
for the transitional zone and plotted in Fig. 10. This graph shows that the 
first pistillate flower appears earlier, expressed in leaf number, in SRC than 
in CF, the two crosses being intermediate. From there on the percentage of 
pistillate flowers to staminate flowers is consistently higher in the transitional 
zone in SRC than in CF; the two crosses are again similar to each other and 
close to intermediate between the parents. Since during this stage of 
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Fic. 10. Distribution of successive pistillate flowers plotted against their position 
in terms of leaf number. (Leaf No. 1 equals oldest leaf; pistillate flower No. 1 equals 
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development each pistillate flower is potentially fertile, the small strain shows 
always a greater number of fruits per number of leaves than in the large 
strain, the crosses being intermediate. 


Growth Differences 

It must be next established whether gross size differences are due to initial 
size, rate of growth, or duration of growth, or whether they are a result of 
an interplay of these different growth characteristics. In addition, it must 
be determined whether the pattern of size distribution in successive organs 
is affected by growth differences and how these strains resemble each other 
in growth patterns of successive organs. 


Initial (Mature Embryo) Size 

Mature embryo size has been arbitrarily chosen as initial size for this 
discussion. It was measured in longitudinal sections through seeds from 
the strains and the crosses. The results are given in Table II. 

Mature embryo size seems to be influenced mainly by the maternal parent 
so that mature embryos of CF and CF & SRC have the same size, and those 
of SRC and SRC X CF are the same. It can be concluded that there is 
no correlation between embryo size and size of plants at later stages of 
development, and therefore that mature embryo size can be eliminated as 
a determining factor for plant size. 


TABLE II 


MATURE EMBRYO SIZE (IN MILLIMETERS) 


CF CF x SRC SRC xX CF SRC 
Length 15.13 + 0.37 14.68 + 0.17 8.72 0.37 8 + 0.36 
Width 2.33 + 0.13 2.30 +6. 1.52 + 0.13 1.55.2 1.12 
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Initial (Meristem) Size 

Initial size in terms of apical meristem size was also examined as to its role 
in plant size and mature organ size determination. The apical regions of 
the two selected strains and one of the two crosses were measured for over-ail 
size at comparable developmental stages during the early exponential phase 
of shoot growth. 

Over-all size of the meristematic and submeristematic regions was measured 
for CF, SRC, and SRC X CF. In median longitudinal sections through the 
apical regions of six plants for each strain, the radii from the axis to the 
outer cuticle of the walls of the outer tunica layer and the radii from the axis 
to the outer cuticle of immature epidermal cells were measured at equal 
distances from the tip. The outlines thus obtained are drawn in Fig. 11a. 
It is significant that in meristem size CF is but slightly larger than SRC, 
the cross being very similar to SRC. This similarity in over-all size of the 
meristematic and submeristematic regions between the strains and the cross 
indicates that over-all size differences of these regions are not responsible 
for size differences found in the mature internode. 

It is known that in many plants which differ in the degree of ploidy, poly- 
ploid plants show greater organ size when compared with diploid plants. 
In such material the mature organ size differences are already visible in the 
meristematic regions. Asa check on the role of over-all size of the meriste- 
matic and submeristematic regions in mature organ size determination in the 
two strains of Cucurbita pepo, camera lucida drawings, which were made 
available to the author, of apical regions of 2” and 4m plants of one strain 
of Lagenaria were also measured. In this strain the 4 organs were at first 
considerably larger than the 27. Averages of measurements from three 
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Fic. lla. Outlines of apical and subapical regions. Measurements obtained from 
longitudinal sections of terminal regions of plants harvested 53 days after planting. 

Fic. 116. Outlines of apical and subapical regions of diploid and tetraploid plants 
of Lagenaria, strain TR. (Averages from outline drawings made available to the author 
by Dr. Sinnott.) 
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drawings for 2m and four drawings for 4n apical regions are represented in 
Fig. 11b. Size differences between the apical regions of the 2” and 4m plants 
are considerable, and much greater than those found between CF and SRC. 
Evidently in 4n types as compared with 2n, there is a very considerable 
difference in meristem size, but in large and small 2” types as represented 
by the two Cucurbita strains, there is not. It can therefore be concluded 
that, in the latter, mature size differences found in the mature internode are 
not determined by over-all size differences of the meristematic and submer- 
istematic regions. 


Growth in Over-all Length 

The data were obtained from plants grown in the field in the summer. 
Growth in over-all length is represented in Fig. 12. Since the plants show 
potentially an indeterminate growth type, the latter part of the phase of nega- 
tive growth acceleration has not been described. The graph shows that 
growth in over-all length is greater in CF than in SRC. In the earlier 
exponential growth phase the rates differ only slightly, but they fall off 
much earlier in SRC than in CF. 

The two reciprocal crosses show again about the same growth rates at the 
earlier growth phases, but remain the same during the observed stage of 
erowth as CF. The two crosses are similar in terms of over-all length obtained 
62 days after seed planting, and are similar to the CF parental strain. The 
two crosses show therefore rates of growth in terms of plant length similar 
to CF. The growth relationships must, however, be analyzed also in terms 
of the growth and the number of determinate organs, i.e. the internodes which 
make up the primary plant axis. 
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Fic. 12. Growth of primary shoot axis in terms of logarithm of length of primary axis. 
Fic. 13. Growth of primary shoot in terms of logarithm of number of leaves. 
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Growth in Terms of Number of Organs 

For the purpose of determining rate and duration of organ initiation, the 
average leaf number was determined at various stages of growth in the plants 
grown in the field, and this average plotted against time (Fig. 13). The 
number of leaves is always smaller in SRC than in CF. The curves obtained 
for the two reciprocal crosses are similar to each other, although CF K SRC 
shows consistently a slightly higher number of leaves than SRC X CF. 
While the number of leaves for the two crosses is intermediate between the 
two parental strains at the early phases of growth, they soon become equal 
to CF and actually exceed CF at later stages of development. 

For a more accurate description of these relations, a different method of 
analysis has to be used. Askenasy (6) introduced the term plastochron. 
It is defined as the interval of time between the initiation of two successive 
stem units. The growth of the shoot apex, or in the case of Cucurbita, which 
exhibits a sympodial type of branching, of successively activated lateral 
meristems can best be described in terms of plastochrons. This growth 
characteristic has been determined for the two parental strains and the 
two reciprocal crosses. At comparable stages of development, the time has 
been determined which it takes for the plants to form an arbitrarily chosen 
number of leaves, and recalculated for the time it takes between the initiation 
of two successive leaves. The plastochrons are described in Table III. 


TABLE III 


PLASTOCHRON 








Average during 


22 days after 42 days after whole development 
CF 25.24 hr. 18.68 hr. 20.10 hr. 
SRC x CF 28.64 hr. 16.74 hr. 18.88 hr. 
cr x SRC 26.55 hr. 15.96 hr. 17.90 hr. 
SRC 31.58 hr. 18.65 hr. 21.00 hr. 





These data indicate that in the parental strains and the crosses the 
plastochrons are shorter, or there is less time between the initiation of 
two successive stem units or leaves at later stages of development than at 
earlier stages. At early stages there are considerable differences in the 
plastochrons of the two parental types, SRC having a longer plastochron 
than CF. The two crosses are different, CF X SRC being closer to CF, 
SRC X CF being closer to SRC. This latter relationship indicates that the 
plastochrons in earlier stages of development are determined by mature 
embryo size, since there exists a correlation between embryo size and early 
plastochrons. The plastochrons for the parental types and crosses change 
considerably during later stages of development. At 42 days after planting, 


the plastochrons of the two parental strains have become similar to each other, 
but the two crosses both have shorter plastochrons than either of the parental 
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types. It may be concluded from this that the effect of hybrid vigor is 
expressed as a shorter interval between initiation of successive leaves at 
later stages of development. 


Growth of Internodes and Its Distribution 

At a comparable stage the average internode length, as determined by the 
ratio of length to number of leaves, was found to be very different in the two 
parental strains, and the average internode length of the two reciprocal crosses 
was similar to that of the CF parent. For a determination of the growth 
rate of an average internode of the two parental types and the two crosses, 
the ratio of over-all length to number of leaves was determined at different 
times for plants grown in the field during the summer. This is represented 
in Fig. 14. This shows that the rates of growth of the two parental strains 
are similar initially but that the rate of SRC falls off earlier and decreases 
faster than that of CF. The rates of average internode growth of the two 
crosses are also similar to each other and similar both in initial rate and 
duration to CF during the phase of development measured. Hence the 
differences in average internode length between the two parental strains at 
the comparable stage lie in the earlier falling off of the growth rate of the 
average internode length of SRC. The two crosses are similar to each other 
and to CF in average internode length at this stage, and have growth curves 
similar to each other and to CF. 

The next step in finding the growth rate of an internode is to measure at 
an arbitrarily chosen stage of plant development (as nearly as possible in 
the exponential growth phase) the growth of a particular internode. For 
this purpose a young internode of the apical region was marked in each strain 
and measured at first at 1-day intervals, later at longer intervals. The 
measurements were plotted logarithmically against time and the resulting 
curves for internode length and width are represented in Figs. 15 and 16. 
After growth has ceased, the two parental strains differ greatly in internode 
length and width. The graphs show that these differences at this phase 
are in each case only slightly due to rate of growth and mainly to duration of 
growth. In comparison to the two parental types, the two crosses are found 
at the end of growth to be similar to each other. They are, however, closer 
to CF in internode length and closer to SRC in internode width. They have 
again growth rates similar to each other and to the two parental strains. The 
size differences at the stationary growth phase are, therefore, again due to 
duration of growth rather than to rate of growth. 

In the chapter which characterized the size distribution of successive 
internodes, it was shown that there is a size periodicity in successive internodes. 
This periodicity was found to be similar in the two strains in its relative 
distribution; absolute size, however, was found to be very different in the 
two strains. For a developmental analysis of this pattern the growth of 
successively initiated internodes was studied to find whether the increase 
in length of successive internodes is due to rate of growth, duration of 
growth, or to both factors. Length measurements of successively initiated 
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internodes were taken at different times in development of plants grown in 
the greenhouse in the winter. These were plotted logarithmically and are 
represented in Figs. 17a, b, and c. 

These graphs show that in each strain and the cross successively initiated 
internodes show similar rates of growth in length, with the exception of 
minor variations, and that increase in absolute length of successive internodes 
is, therefore, due to an increase in duration of growth. While in Fig. 17 
the growth of successive internodes in each strain was compared, in Fig. 18 
the growth of the third internode of the two parental types and the cross 
has been plotted and compared. The same has also been done for the first, 
fifth, and sixth internode, which exhibited a trend similar to that of the 
third internode represented in Fig. 18. Evidently initial rate of internode 
growth for the strains and the cross is the same, and differences in absolute 
internode length between the strains are due to duration of growth rather 
than rate of growth. I[t can be concluded from these results that, in their 
developmental pattern as described in terms of growth in length of successive 
internodes, the two strains and the cross resemble each other. 
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Fic. 18. Growth of internode No. 3 (where internode No. 1 equals the oldest internode) 

in terms of the logarithm of the internode length. 
Growth of Leaves 

For a comparison of rate of growth and duration of growth of the laminae 
of the strains and the cross, increases in lamina length and width of leaf No. 3 
were plotted logarithmically and are represented in Fig. 20. The curves 
thus obtained show that the two parental strains differ mainly in duration 
of growth of lamina length and only slightly in growth rate. While the initial 
rate of the cross SRC X CF is similar to those of the parental types, it 
falls off earlier but less abruptly than in the two parental types. 

The distribution of size of successive leaves at the comparable stage was 
found to show a definite pattern, which was similar in the two strains. 
Successive leaves showed an increase in mature size. For a developmental 
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analysis of this pattern, growth in terms of lamina length of successive leaves 
was determined in the greenhouse during the winter, and plotted logarith- 
mically in Fig. 19 a, b, and c. These graphs show again that the increase in 
length of successive laminae is not due to rate but to duration of growth. 

Thus considerable differences in mature size of successive vegetative organs 
of strains and the cross, and size differences of the same leaves or internodes 
between the two strains and the cross, are found in each case to be due to 
duration of growth rather than to rate of growth. 
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Fics. 19 a, b, c. Growth of successively formed leaves in strains CF and SRC and in 


tue cross SRC X CF respectively in terms of the logarithm of lamina length. (Leaf 
No. 2 equals second oldest leaf.) 
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Fic. 20. Growth of lamina of leaf No. 3 (leaf No. 1 equals the oldest leaf) in terms 
of the logarithm of lamina length. 


Relative Growth of Determinate Organs 

It is of interest to find not only the absolute growth rate and the distribution 
of growth, but also the relative growth rate of the dimensions of determinate 
organs. 

For this purpose the formula of Huxley (11) for relative growth has 
been applied: y = bx", or log y = log b + k log x, where x and y are two 
dimensions, k the constant ratio between the growth rates, and 6 a constant 
representing an initial relation between the dimensions. Lamina length and 
lamina width of successive leaves were plotted logarithmically against each 
other, and straight or nearly straight lines resulted in each case. This 
indicates that the relative rate of leaf lamina growth remains constant during 
the entire growth of each leaf described. 

In the group of plants grown during the winter in the greenhouse, k values 
were obtained for the leaves which were formed in the early stages of develop- 
ment of plants CF, SRC, and SRC X CF, where x = lamina length and 
y = lamina width, and are shown in Table IV. 

Since the k values are in each case greater than one, the rate of growth in 
lamina width is slightly greater than that in lamina length. There is 

TABLE IV 


VALUES OF k FOR LEAF LAMINA GROWTH OF WINTER AND SUMMER GROWN PLANTS 








Winter plants Summer plants 
Another leaf at 
later stage of 


Leaf 2 Leaf 3 Leaf 4 Leaf 5 Leaf 7 development 
CF 1.19 1.20 1.07 1.14 1.139 1.018 
CF x SRC 1.093 1.156 
SRC X CF 1.34 1.34 1.27 21 1.124 1.156 
SRC 1.42 1.38 1.33 . 20 i217 1.183 
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furthermore a slight decrease visible in the k values in successive leaves of 
the strains and the cross, indicating that the relative growth rates of the two 
dimensions change in successive leaves in favor of length. These figures show 
also slight differences between the k values of the leaf laminae of the parental 
types and the cross, the k’s of the cross lying in each case between those of 
the parental types. For a further examination of these relations the k values 
for lamina growth of leaf No. 7, and for a leaf at a later stage of primary shoot 
development of the two parental types and the two reciprocal crosses were 
determined from the plants grown in the field during the summer of 1953, 
where the environmental conditions were completely different. These k 
values are also given in Table IV. 

Table IV shows, therefore, that in every leaf and in both strains and 
crosses, leaf lamina width grows always at a slightly faster rate than lamina 
length, and a little faster in SRC than in CF, with the crosses being similar 
to each other and intermediate between the parental types. The relations 
of the k values between the laminae of the parental types and crosses remain 
the same in successively initiated leaves. The k values as described in 
these tables show that in leaves grown under entirely different environmental 
conditions the relative growth rates remain similar, and that the slight 
differences between the strains and the crosses remain proportionally 
unchanged under these different conditions. 

An attempt was made to establish the relative dimensional growth of 
petiole to lamina and whole leaf to internode. The relative growth between 
petiole length and lamina length, petiole length and lamina width, and 
internode length to petiole and lamina length was plotted. A straight line 
was not obtained in any of these cases. Since a k value can only be obtained 
when the resulting curve is a straight line, no k values were calculated. We 
can therefore conclude that for the relative growth of the same dimensions 
between petioles and laminas, and whole leaf and internode, no constant growth 
ratios exist. This can be explained by the fact that the growth of the petiole 
is relatively independent of that of the lamina. 


Discussion of Results 
Initial Size (Embryo Size) 

The two strains which have been compared showed great size differences 
in their mature embryos. It might be supposed that mature size is affected 
by embryo size, but the behavior of the two reciprocal crosses which exhibit 
matrocliny in their embryo size disproved this assumption. Although mature 
embryos from these two crosses differed greatly in size, the plants which 
grew from them were very similar at maturity, both in total plant size and 
in organ size. Size characters in the two reciprocal crosses were interme- 
diate between those of the parental strains, evidently because of genetic 
factors. During early developmental stages of the plants from the two crosses, 
however, those from the large embryos (CF XK SRC) were larger, but this 
difference disappeared during later stages of development. The small strain 
and the cross with the small strain as female parent have longer plastochrons 
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(produce nodes more slowly) during early plant development than the large 
strain and the cross which has the large strain as female parent. Embryo 
size therefore determines plastochron length in this material in early develop- 
ment, although later it is determined by genetical factors only. 

From the present observations it cannot be decided whether Went’s (21) 
interesting suggestion as to diffusion processes limiting growth can be applied 
to explain autoregulation of growth in this material. 

Determinate organ size is not determined in any developmental stage by 
embryo size. Mature plants from the crosses showed hybrid vigor in their 
larger size. This resulted from a larger number of internodes and leaves, 
rather than from the size of the determinate organs. Ashby (5) concluded 
from his investigations on size in crosses of tomato and corn which exhibited 
hybrid vigor that embryo size is responsible for hybrid vigor. He found a 
close correlation between embryo size and mature plant size, but further work 
on this problem showed that his conclusions were unjustified at least for most 
plants. This work has been reviewed thoroughly by Whaley (22) and Sprague 
(19). Hatcher (10) found in tomatoes that embryo size is determined by 
factors in the maternal embryo sac, but that embryo size was not important 
in determining mature plant size. 

Delisle (8) found in reciprocal crosses of two species of Aster that achene 
weight and embryo size in the two hybrids differed greatly depending on the 
maternal parent. He concluded that these differences were due to differences 
in the amounts of reserve food material available for development within the 
ovary walls of the seed parent. 

Groszmann and Sprague (9) studied these relations in reciprocal crosses 
between two lines of corn which differed greatly in size. They found that 
the growth curves for whole kernels of the corn showed strong maternal 
influences. Both hybrids exhibited heterosis, the basis of which differed in 
the two cases with respect to endosperm growth and embryo growth. They 
explained this difference in terms of relative efficiency of endosperm and 
embryo as competitors for food material. The significance of the present 
results is that two reciprocal crosses, genetically identical, differ greatly in 
embryo size, but that they show the same final size and the same degree of 
heterosis. The difference in mature embryo size between the two reciprocals 
is probably due to the inherited differences in the size of the seed coat in which 
they are borne, and possibly due to differences in the food material available 
for embryo and endosperm growth. Passmore (12) reported briefly on the 
relations between embryo size and mature size in the reciprocal crosses of 
the F, generation in two strains of Cucurbita pepo which differ greatly in both 
embryo and mature plant size. She found that although during early plant 
development the hybrids from the large embryo were much larger, the hybrids 
from the small embryo eventually caught up in size. The advantage in early 
stages of development was further expressed in her material in earlier blos- 
soming and earlier fruit setting. The results of the present study agree 
completely with those obtained by Passmore in that embryo size is not the 
determining factor for mature plant and organ size. 
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Initial Size (Meristem Size) 

Since it has been shown that initial size in terms of mature embryo size 
does not determine mature plant and organ size, initial size in terms of apical 
meristem size was examined as to its role in plant size and mature organ size 
determination. The two strains were found to be essentially alike in both 
the meristematic and submeristematic regions. Because of this similarity in 
meristem size, no correlation could be established between the over-all size 
of this region of early development and the size of the plant and its organs. 
Apical meristem size can therefore not be the determining factor for the 
differences between the strains in mature plant and organ size. 

Sinnott (14) examined this problem indirectly by studying the correlation 
between the size of the plant body and the size of the organs it produces in 
bean plants. Since he found such a correlation in small but not in large 
plants, a correlation between organ size and size of the axial meristematic 
region was suggested. 

Abbe and Phinney (1) investigated the ontogeny of the stem in dwarf 
maize which differed in genetical constitution from maize of normal size by 
a recessive gene. Internode length and not internode number was responsible 
for this difference. Shoot apices of the normal and the dwarf plants did not 
differ either in form or in size. In these plants therefore no correlation was 
found between meristem size and mature internode size. 

In some cases, however, there is a close relationship between the size of 
the meristem and the size of the structures it produces. Randolph, Abbe, 
and Einset (13) investigated meristem size — organ size relations in 2” and 4n 
maize plants. They found that the shoot apices of the 42 plants, compared 
to those of the 2” plants, attained “ideal gigas state’ at a certain develop- 
mental stage owing to an increase in cell size only, but this state was not 
attained in the gross structure of the cellular components of the various 
tissues of the 10th leaf. Although in most of the cases so far reported, 
including the present material, developmental determination of mature organ 
size differences is not brought about by differences in initial size in terms of 
meristem size, it may be that in some cases such a relation does exist. 


Rate of Growth 

Rate of determinate organ growth and rate of initiation of new organs are 
both factors in producing differences in plant and organ size. The rate of 
determinate organ growth was studied in comparable internodes, leaf laminae, 
and leaf petioles in the two strains to analyze the role of growth rate in the 
determination of mature organ size differences. Only slight differences in 
the rate of growth of comparable organs were found between the strains. 
Since mature organ size differed greatly between the strains, rate of deter- 
minate organ growth, therefore, cannot be responsible for differences in 
mature organ size. 

The role of rate of growth in mature fruit size determination was analyzed 
by Sinnott (16, 17) for fruits of different lines of Cucurbita pepo. Since only 
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slight inherited differences were shown to exist in rate of growth between 
lines which differed greatly in mature fruit size, mature fruit size was found 
to have little relation to rate of fruit growth. This analysis was also made 
by Sinnott on fruits of the strains used in the present study. It can be 
concluded that differences between the two strains both in vegetative and 
reproductive organs are not brought about by differences in rate of organ 
growth. 

Differences in plant size can also be due to differences in the number of 
organs. During later stages of the exponential growth phase of the primary 
shoot, the rate of new organ initiation was found to be essentially the same in 
the two strains. The plastochrons of the two crosses, on the other hand, were 
shorter and the consequent more rapid production of organs is an indication 
of hybrid vigor. In early primary shoot development, the rate of new organ 
initiation was shown to be dependent on embryo size. In all types the rate 
of new organ initiation increased during the first part of shoot growth. Since 
the plastochrons in later stages of shoot development were similar in the two 
strains, differences in primary shoot length between the strains cannot have 
been determined by differences in the rate of new organ initiation. 

Abbe and Phinney (2) showed that the average volumes of the meristems 
of maize increased by a constant amount from one plastochron to the next. 
The successive plastochrons became shorter, a result which agrees with those 
reported here. The authors suggest an exponential increase in new organ 
formation. Burkholder and McVeigh (7) showed also that there was a more 
rapid development of the apical meristematic regions in hybrids between pure 
lines of maize than in the parents. This difference was found also to be in 
direct proportion to the amount of nitrogen supplied. 

Abbe, Phinney, and Baer (3) found the size of the shoot apex to increase 
at each plastochron from a minimum to a maximum. This minimum and 
maximum size increased gradually through successive plastochrons, and the 
increment in size per plastochron was shown to increase through successive 
stages. Since cell size was found to be constant throughout each plastochron, 
size of the shoot apex was determined solely by the number of cells. They 
showed that the rate of growth per plastochron accelerated through successive 
plastochrons. 


Duration of Growth 

Size differences in the present material were determined mainly by differ- 
ences in the duration of growth of both axis and determinate organs. The 
leaves and internodes of the crosses grow at rates similar to those of the 
parental strains, and their mature size, which was about the geometric mean 
between the sizes of the mature organs of the parental strains, was again 
determined mainly by duration of growth. 


The developmental processes determining primary shoot size are therefore 
quite different between the parental strains and the crosses. Organ size is 
determined for both strains and crosses by duration of growth, and the parental 
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strains differ in shoot size by duration of determinate organ growth only. 
The crosses show hybrid vigor not by means of duration of organ growth, 
which is intermediate between that of the parental strains, but by a higher 
rate of new organ initiation as expressed in their shorter plastochrons. 

Sinnott (16, 17) showed that fruit size in the two strains used in the present 
study is determined again mainly by duration of growth. In large fruited 
races each portion of the growth curve is of longer duration than in the small 
fruited ones. The sizes of the fruits of the crosses were also grouped about 
the geometric mean between the sizes of the fruits of the parental strains. 
Sinnott’s study on mature fruit size determination and the present study 
on mature vegetative organ size determination therefore show that the devel- 
opmental processes by which genetic differences in size at the morphological 
level are brought about are the same for each organ in the two selected strains 
of Cucurbita pepo. 


Size of Successively Formed Organs 

The size distribution of successively formed vegetative organs or the relative 
size pattern between strains has also been compared. Although absolute 
size of comparable leaves and internodes was shown to be very different, the 
size distribution of successively formed organs was found to be very similar 
in the two strains and the cross. These relations were described by plotting 
successive organ size against successive organ number at one comparable 
stage of shoot development. Similar curves resulted for each strain, although 
the curves for the small strain were considerably lower because of absolute 
size differences. The relative size distribution of successive organs remained 
unchanged under different environmental conditions, as shown in the curves 
for plants grown during the summer and for those grown during the winter 
months. Differences in the size of successive mature organs of plants of 
the same strain were found not to be determined by differences in duration 
of growth of successive organs. These differences between mature organ size 
became progressively smaller. 

Tammes (20) described the size distribution of successive internodes in 
many different plants. She attempted successively to change the size 
periodicity of successive internodes by removing single leaves. When she 
removed every leaf, however, the relative length periodicity found in normal 
plants remained unchanged, although the absolute size of internodes was 
greatly reduced. This reduction in absolute internode length was shown 
to be due to cell length only, and not to cell number. 

Abbe, Randolph, and Einset (4) studied the developmental relationship 
between shoot apex and growth of successively formed leaf blades in diploid 
maize. Successively formed leaf blades were found to be progressively 
wider. There was a parallel increase in apical diameter. The increase in 
apical diameter was found to be due to cell number only and not to cell size. 
These authors were therefore able to correlate the increase in leaf width in 
successively formed leaves directly with the size of the apical meristem. 
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Size increase in successive organs in the present material is probably not 


determined by the size of the apical meristem, as it is in maize, since meristem 
size here (see paper II) is not related to organ size. Furthermore, the organs 
for several centimeters back of the apex show the same general growth 
pattern in all the types studied. To determine this point definitely, however, 
meristem size should be measured at successive stages in the development of 


the plant. This interesting phenomenon of periodicity in organ size along the 


axis and its changes deserves further study as to its developmental mechan- 
ism in general. 


on 


References 


Asse, E. C. and Patnney, B. O. The action of the gene dwarf in the ontogeny of the 
stem in maize. Genetics, 27, 129 (1942). 


. Aspe, E. C. and Painney, B. O. The growth of the shoot apex in maize: External 


features. Am. J. Botany, 38, 737-744 (1951). 


. Abbe, E. C., Purnney, B. O., and BAER, D. F. The growth of the shoot apex in maize: 


Internal features. Am. J. Botany, 38, 744-751 (1951). 

Asse, E. C., RANpDovpH, L. F., and E1nset, J. The developmental relationship between 
shoot apex and growth pattern of leaf blade in diploid maize. Am. J. Botany, 28, 
778-784 (1941). 


. Asupy, E. Studies in the inheritance of physiological characters. I. A physiological 


investigation of the nature of hybrid vigor in maize. Ann. Botany (London), 44, 
457-467 (1930). 

ASKENASY, E. Ueber eine neue Methode, um die Vertheilung der Wachtumsintensitit 
in wachsenden Teilen zu bestimmen. Verhandl. Naturhist. Med. Ver. Heidelberg, 
N.F. 2, 70-153 (1880). 

BURKHOLDER, P. R. and McVeicu, I. Growth and differentiation of maize in relation 
to nitrogen supply. Am. J. Botany, 27, 414-424 (1940). 

DevisLe, A. L. Morphogenetical studies in the development of successive leaves in 
Aster, with respect to relative growth, cellular differentiation, and auxin relationships. 
Am. J. Botany, 25, 420-430 (1938). 


. GroszMaAnn, A. and SpraGcue, G. F. Comparative growth rates in a reciprocal maize 


cross. I. ‘Thekernelanditscomponent parts. J. Am. Soc. Agron. 40, 88-98 (1948). 


10. Hatcner, E. S. J. Studies in the inheritance of physiological characters. V. Hybrid 
vigor in the tomato. Part 3. A critical examination of the relation of embryo 
development to the manifestation of hybrid vigor. Ann. Botany, N.S. 44, 735-763 
(1940). 

11. Huxtery, J.S. Problems of relative growth. The Dial Press, New York, N.Y. 1932. 

12. PassmMorrE, S. F. Hybrid vigour in reciprocal crosses in Cucurbita pepo. Ann. Botany 
(London), 48, 1029-1030 (1934). 

13. Ranpovru, L. F., ABBE, E. C., and E1Nset, J. Comparison of shoot apex and leaf develop- 
ment and structure in diploid and tetraploid maize. J. Agr. Research, 69, 47-76 
(1944). 

14. Stnnorr, E. W. The relationship between body size and organ size in plants. Amer. 
Naturalist, 55, 385-403 (1921) 

15. Sinnott, E. W. A developmental analysis of the relation between cell size and fruit 
size in cucurbits. Am. J. Botany, 26, 179-189 (1939). 

16. Sinnott, E. W. The relation of growth to size in cucurbit fruits. Am. J. Botany, 32, 
139-446 (1945). 

17. Sinnott, E. W. The relation of cell division to growth rate in cucurbit fruits. Growth, 
9, 189-194 (1945). 

18. Sinnott, E. W. and WHaLey, W.G. The developmental basis of inherited size differences 
in plant organs. Genetics, 25, 136 (1940). 

19. Spracuge, G. F. Heterosis. Jn Growth and differentiation in plants. Edited by 
W. E. Loomis, Iowa State College Press, Ames, lowa. 1955. Chap. VII. 

20. Tames, T. Die Periodicitat morphologischer Erscheinungen bei den Pflanzen. 
Verhandel. Koninkl. Akad. Wetenschap. Amsterdam, Afdeel. Natuurk. Sect. 2, 9, 
1-148 (1903). 

21. Went, F. W. Physical factors affecting growth in plants. Dynamics of growth processes. 


bo 
Nm 


Edited by E. J. Boell, Princeton Univ. Press, Princeton, N.J. 1954. pp. 130-147. 
WHALEY, W. G. Heterosis. Botan. Rev. 10, 461-496 (1944). 





A STUDY OF SIZE DIFFERENCES IN TWO STRAINS OF 
CUCURBITA PEPO L. 


II. HISTOLOGICAL AND CELLULAR SIZE DIFFERENCES! 
kK. E. von MALTZAHN 


Abstract 


Size differences were studied on the cellular level in vegetative organs of two 
purebred strains of Cucurbita pepo L. which differ greatly. in inherited size. 

Mature organ size has been analyzed for the two strains on the histological 
and cellular levels with particular e mphasis on mature internode size. Differences 
between the strains in tissue and cell size were observed for the main tissue and 
cell types. Differences in internode length were determined both by differences 
in cell size and cell numbers. Cambial activity as expressed in numbers of 
radial immature derivatives and in number of divisions in the interfascicular 
regions was found to be much greater in CF than in SRC. 

No important differences were found between the large and small strain in 
the size of the meristematic and submeristematic regions. Early internode 
growth in terms of cell division and cell enlargement was also found to be similar 
in the two strains. It is concluded that the cellular differences found in the 
mature organ must be due to a longer duration of growth mainly in terms of 
cell enlargement but also in terms of cell division. This conclusion is supported 
by the results obtained on internode growth described in a previous paper. 

Grafting experiments with apical buds of the two strains did not show any 
influence of the stock on the scion; mature organ size was determined only by 
the scion. 


In a preceding paper, size differences were shown to exist between two 
strains of Cucurbita pepo L., both in the plants as a whole and in their vege- 
tative organs. The developmental basis for these size differences was 
analyzed in terms of initial size and plant and organ growth. The cellular 
basis for these size differences will be analyzed in the present paper both in 
mature organs and in organ initiation and development. 


Materials and Methods 
Studies of the two strains, the large one being designated CF and the small 
one SRC, on the histological and cellular levels were made on anatomical 
sections obtained from plants grown in the greenhouse. The apical buds 
were harvested and fixed with chromacetic acid for 24 hours. Internodes 
and leaves were fixed in FAA for 48 hours and longer. Normal paraffin 
methods were used. The measurements were made with an ocular micro- 
meter. Each average reported in this paper was obtained from measure- 

ments of sections from six to eight different plants. 


Results 

Mature Size 

In the analysis of organ size of the two strains, it was shown that absolute 
size differences of comparable organs of the strains remain similar in succes- 
sively formed vegetative organs. For an investigation of size relations 
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between the two strains on the histological and cellular levels, it will therefore 
suffice to compare one mature organ fully and to compare briefly size relations 
of the other organs with this. 

Since the role of meristem size in the determination of mature organ size 
has to be ascertained, it is important to select an organ in which cell lineage 
from the apical meristem to mature organ can be followed easily. The 
internode is such an organ and the second internode, which is located between 
the first and second oldest leaves, was selected for this part of the study 
because this is the oldest typical internode and any changes due to further 
growth should be at a minimum here. This internode was analyzed in the 
two parental strains and in one of the crosses, SRC XK CF. Although inter- 
nodes initiated later show a much greater absolute size, the relative size 
differences between the same internode numbers of the two strains were 
found to change little. Fig. 1 shows a cross section of an internode with 
the representative histological structures. 
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Fic. 1. Diagrammatic cross section of internode. 


The average over-all diameters of the second internode were: CF, 7.08 mm.; 
SRC, 4.17 mm.; and SRC X CF, 4.76 mm. The average lengths of these 
internodes were CF, 36.1 mm.; SRC, 14.6 mm.; and SRC X CF, 19.6 mm. 
For a quantitative comparison of the internode cross sections of the two 
strains and the cross, the following regions were measured (Table I—see 
letters a, 6, c, d in Fig. 1). 

The vascular bundles in the internodes are arranged in two rings, each 
ring showing normally five bundles. The bundles in Cucurbita pepo are of 
the bicollateral type, having internal and external phloem, with the external 


TABLE I 


REGIONS OF INTERNODE, CROSS SECTIONS IN MICRONS, AS DESIGNATED IN DIAGRAM 


CF SRC sau x CF 
(a) Medullary cavity (small diameter, mm.) 2.69 1.20 1.18 
(6) Medullary cavity (large diameter, mm.) 4.20 1.91 2.36 
(c) Cortex (large diameter, mm.) 2.02 1.26 1.74 
(d) Cortex (small diameter, mm.) 1.62 1.01 1.25 
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phloem separated from the xylem by a fascicular cambium. The number 
of vascular bundles of the internode was determined in cross sections of the 
second internode in six to eight plants for CF, SRC, and SRC X CF. The 
outer ring of each type had five bundles, while the inner ring of CF had six 
to seven bundles in most cases. SRC and the cross showed five bundles 
again in the inner ring. For comparison, the number of bundles of the petiole 
of the fourth leaf of the two strains was also counted. In petiole cross sections 
of eight different plants for the two strains, with one exception in each case, 


the number of bundles was constant, CF having eleven and SRC nine. 


TABLE II 


BUNDLE DIAMETERS (IN MICRONS) 


CF SRC SRC x CH 
Bundle of inner ring 
radial 1010.0 + 181.2 664 + 135.4 806 + 170 
tangential 791.5 + 196.8 433 + 97.0 547 + 129.2 
Bundle of outer ring 
radial 691.2 + 97.5 S07 + 84.2 523 + 69.3 
tangential 396.2 + 81.2 233 + 41.2 224 + 40.5 





Bundle diameter was 
for each bundle in cross 
cross, and the averages 


show that over-all size 


determined in both radial and tangential directions 
sections of six to eight plants for each strain and the 
Table II. 


of the bundles of the outer and inner ring differs 


obtained are in The values in the table 


While bundle size of the 
inner ring of the cross is intermediate between that of the parental strains, 


that of the outer ring is similar to SRC. 


considerably between the two parental types. 


The sizes of the cells of some bundle cell types of the two strains were also 
compared. The diameter of the largest vessel of vascular bundles of the 
outer and inner rings was determined. For this purpose the diameters of 
the three largest vessels of each bundle were measured in radial and tangential 
directions, the highest values for each of the three vessels selected, and the 
two diameters averaged. The same procedure was used for the measurement 
of the largest sieve tube diameters. 

The values in Table III indicate the considerable size differences between 
the two strains in terms of cell diameter in these different cell types of the 
bundle. The differences are in each case similar to those found in over-all 
bundle size. 

Cambial cells of the inner bundle were measured both in radial and tangen- 
tial directions, three cells for each bundle in the internode cross sections being 
used for the determinations in Table III. 


size in the two strains, particularly in the radial direction. 


These cells have about the same 
It should be 
emphasized here that CF compared to SRC shows in the region of the fasci- 
cular cambium a considerably greater number of immature radial derivatives. 
This gives an appearance of a wide cambial ring consisting of many undif- 
ferentiated cambial derivatives, while SRC shows very few cells of this type. 
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TABLE III 


SIZE OF DIFFERENT CELL TYPES (IN MICRONS) 





CF SRC Sa x Ce 

Diameter of largest vessel 

inner bundle ring 212 + 29.4 131.9 + 19.7 176 + 29.6 

outer bundle ring 88.7 + 21.3 63.9 + 20.5 63 + 10.5 
Diameter of largest sieve tube 

inner bundle ring 8 = 34 26.0 + 4.2 32.6 + 4.0 
Companion cells of these sieve tubes 

small diameter s.5 4 18 6.0 + 1.2 7.9 +4 2 

large diameter 28.4 + 2.1 14.6 + 1.6 15.6 + 1.9 
Cambium cells 

radial 9.1+ 1.3 8.5 + 2.3 8.6 + 1.9 

tangential mae 25 75 2.9 16.4 + 2.6 


The difference is probably due to less cambial activity in SRC than in CF. 
This is further emphasized by the fact that parenchymatous cells of the inter- 
fascicular regions showed many divisions in CF, while this was never found 
in SRC. 

After this quantitative description of some representative cell types of the 
bundles, measurements were taken along the radial direction at comparable 
regions of parenchymatous cells of the cortex located between a small bundle 
of the outer ring and a large bundle of the inner ring. These cells were 

















”n Me 
a 
r. a b 
w) ~ 4 
n 3 ” 
> 2 z 1804 
oz oz 
= aa Ee 
<2 5 Z 1604 
z° cz 
r ? 7 1404 
Vw zw 
Za ij & 120+ 
uJ Frat ¢& ©& 
4 < 4 100+ 
as < 
= u Ee gol 
kK Oo o > 
we «% 60 
«= nal | o—o CF - z | cr 
~ Z 404 e—e SRC ¥ < 40 o—e SRE 
s 20 tage Kk Cr = Zz 326 . w——w SRC x CF 
z a * 
a T T ee T — T T T T T T T 
izs2sirtst & fis &rFssFtt 8 
CELL NUMBER CELL NUMBER 


Fics. 2a and 6. Diameters in radial (a) and tangential (6) direction of parenchyma- 
tous cells in the region between a large bundle of the inner bundle ring and a small bundle 
of the outer ring. Measurements obtained from a cross section of internode No. 2, 
where internode No. 1 equals the oldest internode. (Cell No. 1 equals cell of the parenchy- 
matous region closest to the collenchymatous region. ) 
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measured in a cross section both in terms of their radial and tangential dia- 
meters and plotted against cell number where cell No. 1 is the parenchymatous 
cell closest to the collenchymatous tissue (see diagram of cross section). 
These measurements are recorded in Figs. 2a and 0b, and they show that 
there is scarcely any difference between the two parental strains in cell number 
in this tissue region. However, cell size in terms of cell diameter shows great 
differences between the two strains; these differences are here expressed at 
their maximum in the middle of the parenchymatous region. This is true 
too for the cross SRC X CF, which is about intermediate between the two 
parental strains. SRC X CF, however, shows parenchymatous cells similar 
in size to those of CF in the cortical region closest to the sclerenchyma. 

Length and width of parenchymatous cells of the cortical region and 
epidermal cells were also measured in longitudinal sections of the second 
internode. Table IV gives the sizes of the cortical and epidermal cells. 
For a determination of relations between mature organ size, cell size, and cell 
number the ratio for length of the second internode of CF to length of the 
second internode of SRC was calculated and found to be 2.47, and parenchyma 
cell length of CF to cell length of SRC of the same internode in comparable 
regions of the cortex was found to be 1.67. The differences in the ratios 
show that internode /ength is made up of more cells in CF. The same ratios 
have been also determined for internode width, where cell width has been 
taken from the same region. The ratio of internode width in CF to internode 
width in SRC is here 1.698, and the ratio of width of parenchymatous cells 
in CF to width of parenchymatous cells in SRC is 1.694. These ratios 
indicate that internode width is made up of about the same number of cells 
in the two strains. 


TABLE IV 


SIZE OF THE CORTICAL AND EPIDERMAL CELLS (IN MICRONS) 


Cortical cell Epidermal cell 


Width 


Length Length Width 
CF 169.0 274.8 31.6 16.0 
SRC 101.2 162.2 29.6 13.3 


The data of Table IV show also that cortical cell size of the two strains 
differs greatly, while there is no great difference in epidermal cell size. 
Sinnott (5) also reported in fruits of different lines of Cucurbita a greater 
increase in volume of inner cells compared to epidermal cells, which stayed 
essentially constant. 

In cross sections of an entirely different organ, i.e. the leaf lamina, mesophyll 
thickness and palisade cell size were measured. These sections were obtained 
from the fourth leaf from eight different plants for each strain. The results 
are reported in Table V. 
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TABLE V 


LEAF LAMINA CROSS SECTION (MICRONS) 


! 


Palisade cell 


Mesophyll thickness Length Width 
CF 123.0 + 10.85 47.1 13.2 
SRC OE. File 42.2 22..3 
SRC xX CF 117.3 + 9.05 42.9 11.4 


The significance of the difference for mesophyll thickness between CF and 
SRC was determined. Since a comparatively large number of measurements 
(xn for CF = 57; » for SRC = 53) were made for the determination of the 
mean of mesophyll thickness, the significance of difference between the means 
of the two samples was calculated by the method described by Quenouille (4), 
applicable to large samples. The difference between the means of CF and 
SRC is 9.3 w and its standard error is calculated as 1.79 uw, so that the normal 
deviation is 5.2. Since in less than 0.1% of trials a value of 3.29 would 
occur by pure chance, the deviation of 5.2 indicates that the difference of 
the means for mesophyll thickness between CF and SRC is significant. These 
differences are, however, small and are not due to more but slightly larger 
cells. To find out whether differences between the strains in lamina area 
are due to differences in cell number or cell size, the ratios for the area of the 
fourth leaf of CF to the area of the fourth leaf of SRC were determined and 
found to be 2.36. The ratio of palisade cell area (determined as wr? in the 
plane of the leaf lamina surface) of CF to palisade cell area of SRC was found 
to be 1.41. From these ratios it can be concluded that differences in mature 
lamina area between CF and SRC must be determined mainly by differences 
in the number of cells and only to a small extent by size of cells. 


Developmental Anatomy 

Mature organ size differences between the strains as analyzed for the second 
internode have been found to be due to differences in cell size and to a lesser 
degree to differences in cell number. The developmental pattern which 
leads to these cellular differences in the mature organ should be analyzed 
also. 

It is important to determine whether this difference in size is present in 
the meristematic or submeristematic regions. In the previous paper the 
similarity in over-all size of the meristematic and submeristematic regions 
between the strains and the cross was demonstrated, which indicates that 
over-all size differences of these regions are not responsible for size differences 
found in the mature internode. 

There might, however, be differences between the strains in cell size or 
number in the meristematic regions. Such differences might affect mature 
organ size differences. Cell length and width were therefore determined 
for successive cells along the axis of the apex. From these measurements 
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the volumes of these cells were calculated as V, = mr*l. The measurements 
were plotted against distance from the apex as shown by the number of cells, 
where cell No. 1 is the most apical cell of the outer tunica layer (Figs. 3a, b, 
andc). Although successive cells downward along the axis show considerable 
size variations, no important differences between the two strains could be 
detected. The slight increase in cell size along the axis was similar in the 
two strains. Since the total meristem in the two strains was about the same 
size, the number of cells must therefore have been the same in both. It can 
therefore be concluded that both the meristematic and the submeristematic 
regions show great similarity in the two strains, not only in terms of over-all 
size, but also in cell size and cell number. 

In the same longitudinal sections the length of an internode 5—6 mm. back 
from the tip was found to be 1.39 mm. in both strains. Since in the terminal 
region of the two strains the internode number up to 5-6 mm. from the tip 
is also the same, it must be concluded that at least for 6 mm. back from the 
tip there is no substantial difference in internode length between the two 
strains. Size differences of mature internodes between the strains can there- 
fore only be expressed in internode development at a considerable distance 
from the tip, i.e. at least 6 mm. 

The terminal regions above the leaf 5 mm. in length of plants grown in 
the field have approximately the same number of internodes. [It was recorded 
in Fig. 15 of the previous paper that during the exponential growth phase of 
the primary shoots, internodes of the two strains, arbitrarily selected when 
they had reached a length of 5 mm., began to differ in length only after they 
had attained a length of about 5-6 cm. This length was acquired only 
shortly before this internode ceased to grow in length in SRC, while the inter- 
node selected in CF continued to grow at an unchanged rate. A similar 
situation was found for growth in diameter of these internodes. Differences 
between the strains in diameter of the selected internodes were again mainly 
due to duration of growth, although differences became visible slightly sooner 
before the internode of SRC ceased growth (Fig. 16 of the previous paper). 
It can be concluded that differences between the strains in size of comparable 
internodes do not become visible until at least 5-6 mm. back from the tip 
and are apparently only expressed shortly before the internode of SRC 
reaches its mature size and stops growth. 

To determine whether differences in mature internode size might be ex- 
pressed in cell differences in young internodes, cell size was measured in these 
internodes. Epidermal and parenchymatous cell size was determined in the 
two strains at different distances from the tip. Apices of six plants of each 
strain were examined, and length and width of 12 cells of each type at these 
various distances from the apex. Measurements could not always be taken 
at exactly the same distance from the tip, since the nodal regions, which are 
very conspicuous in proportion to the internodes at early stages of develop- 
ment, had to be avoided. Measurements taken in the nodal regions would 
distort the quantitative picture considerably. Average values were therefore 
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Fics. 4a, b, and ¢. Cell length (a), width (6), and cell volume (determined as 7r*/) 
(c) of epidermal cells plotted against absolute distance from the tip. The measurements 
were obtained from longitudinal sections of internode No. 2. 
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Fics. 5a and b. Logarithm of cell length (a) and width (6) of parenchymatous cells 
of comparable regions plotted against absolute distance from the tip. ‘The measure- 
ments for mature parenchymatous cell length and width were obtained from longitudinal 
sections of internode No. 2. 


determined at similar distances from the apex. Cell length and width were 
plotted against absolute distance from the tip for epidermal cells and parenchy- 
matous cells of the middle cortical region (Figs. 4a, 6, c and Figs. 5a and 3). 
Mature cell size is included. This latter value has not been plotted against 
absolute distance from the tip but has been connected with dotted lines to 
the last point represented in absolute distance from the tip. The first six 
to seven millimeters from the tip, which included about twelve internode 
primordia and young internodes, show very similar size patterns for the 
regions measured in the two strains, although in some cases considerable 
variation in cell size is observed. From these graphs we can conclude that no 
important differences in cell size exist in early internode development between 
SRC and CF. Since, on the other hand, great cell size differences are found 
between the strains in the mature organ, it must be concluded that these 
cell size differences arise only in later stages of internode development. 

Finally it is necessary to relate cell size more closely to internode size, 
since only this relation will give a clear picture of whether differences in organ 
size during development are due mainly to cell division or to cel! enlargement, 
and whether the distribution of these cellular growth characteristics is similar 
or dissimilar for the two strains. The size of very young internodes has been 
measured again in longitudinal sections of the apical regions. 

Since Cucurbita pepo exhibits a sympodial type of growth, axes of successive 
internodes show alternating angles to each other. This pattern is already 
expressed in the young internodes although it cannot be seen in the inter- 
node primordia themselves. Internode length and width has therefore been 
measured only in the early stages where the axial angles become visible. 
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DIAMETER IN AL 
Fics. 6a and b. The logarithm of parenchymatous cell length (a) and width (0) at 
different distances from the tip plotted against the logarithm of length and width, respec- 
tively, of internodes at comparable distances from the tip. 


Cell size was measured for the same successive internodes. The log of inter- 
node’ length and width was plotted against the log of parenchymatous cell 
length and width of the respective internodes at comparable regions. These 
are represented in Figs. 6a and b. If increase in organ length and width is 
due to an increase in cell number only, the resulting curve should be parallel 
to the x-axis, while on the other hand an increase in organ size due to increase 
in cell size should result in a curve showing an angle to the x-axis. 

The graphs show that early internode growth is chiefly due to more cells 
in both strains. Later growth is largely due to increase in cell size and this 
shows itself in internode diameter earlier than in internode length. The 
curves obtained for CF and SRC are not very different from each other; this 
indicates a similar pattern of early internode growth in the two strains in 
terms of cell division and cell enlargement. 

Differences between the two strains in mature organ size were found to be 
due mainly to differences in cell size and to a lesser extent to cell number. The 
fact that no differences in cell size could be found in young internodes between 
the two strains, and that mature internode size differences are chiefly due to 
duration of growth, shows conclusively that mature organ size differences are 
determined by differences in duration of growth in terms of cell enlargement 
and to a lesser extent by duration of growth in terms of cell division. 


Grafting Experiments 
The possibility exists that a larger root system or a larger bulk of shoot 
material determines the size of growing organs. To test this possibility 
grafts were made with apical buds. Plants were grown in the greenhouse 
during the summer of 1953. Five weeks after planting, apical buds of 3 cm. 
length were cut from SRC and CF and immediately grafted with a cleft 
graft onto young internodes of the stock. Scion and stock were bound 
together with wax paper. The following grafts were made. 
Scion SRC SRC CF CF 
Stalk — CF | SRC SRC CF 
For each type of graft 8 to 10 plants were used. 
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The grafts took in most cases. In the graft CF/SRC, however, only two 
plants took. Although no quantitative data were obtained, it was observed 
in each graft that the first few leaves which had already been laid down in 
the apical bud of the scion would remain very small. The following vegetative 
organs would obtain the size normal for the strain which was used as scion, 
however. The stock did not seem to show any influence on the scion organ 
size in any of the grafts made. In later scion growth fruits were formed 
which again showed the size normal for the scion. Since both in SRC/SRC 
and SRC/CF, and CF/SRC and CF/CF the first leaves of the scion remained 
very small, this was thought to be due to nutritional deficiencies during the 
time the grafts took rather than to direct influence of the stock on the scion. 


Discussion 


Cellular Basis for Organ Size Determination 

A quantitative study of the relation of cell size to organ size at equal 
distances from the tip in young internodes of the two strains has shown 
that in these stages of internode development little difference exists between 
the strains. Mature internodes, on the other hand, were found to differ 
greatly in both size and number of their component cells. Since mature 
organ size differences between the two strains were found to be due to duration 
rather than to rate of growth, and both meristem size and cell size — organ 
size relations during early organ development were similar in the two strains, 
it is concluded that mature size differences are due to differences in duration 
of growth in the enlargement and the multiplication of cells. 

In a developmental analysis of cell length as related to stem length of tall 
and dwarf races of Lycopersicum and Zinnia during their early growth and 
development, Bindloss (1) did not find any differences in meristem size 
between the tall and dwarf plants. The cells of the promeristem were the 
same size, but she found that cells of the submeristematic regions stayed 
meristematic for a longer time in the larger strain, thus making a greater 
number of cells possible and accounting in this way for the greater height 
of these plants. The meristematic cells of the dwarf plant, on the other 
hand, matured faster and thus stopped dividing earlier. In her material, 
therefore, the length of the meristematic region determined the length of the 
plant. In contrast to her material, the two strains of Cucurbita studied 
here have meristems which do not differ in their longitudinal dimensions. 

Sinnott (5) showed that differences in the size of fruits in different strains 
of Cucurbita pepo are not due to differences in cell size during early develop- 
ment, but to a more extended period of cell division and to a longer time 
interval between cessation of division in successive tissues and greater ex- 
pansion after cell division ceases. His work on the developmental deter- 
mination of fruit size differences and the present study on the determination 
of vegetative organ size differences in the two selected strains therefore 
indicate that the developmental processes for size determination are also 
much the same for fruits and vegetative organs on the cellular level. This 
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suggests a common mechanism of genic action in size determination in these 
strains, a mechanism that does not express itself through meristematic size 
but rather by duration of organ growth in terms of cell division and cell 
enlargement. Thus the genes which determine the very considerable size 
differences present here do not produce their first visible effects in the meriste- 
matic tip or for some distance back of this, but relatively late in the develop- 
ment of the organs. 

This is different from the situation reported for various animal embryos, 
where size differences are visible very soon after the fertilized egg begins to 
divide. Castle and Gregory (2), for example, found the difference in size 
between races of rabbits to become visible already in 48-hour-old embryos. 
Embryos produced by the large race were shown to have undergone about 
one more cell division 48 hours after mating. They were therefore approxi- 
mately in the 32-cell stage when embryos of the small race are in the 16-cell 
stage. The difference in rate of growth became increasingly clear at later 
stages of development. 

In plants, cases have also been described where development of size becomes 
apparent in early developmental stages. Houghtaling (3) studied the develop- 
ment of fruit size and shape in pure types of tomato and their F; progenies. 
Mature fruit size was found to be determined very early in development. 
Differences in size were already visible in the early floral primordia before 
differentiation of the ovary had begun and they were maintained to maturity. 
Since the early growth of tomato fruits was largely the result of cell multi- 
plication, the larger floral primordia of the larger types were due to more 
cells. This result, together with Bindloss’s (1) studies on tomatoes, indicates 
that here the very early floral primordia are larger during the period of organ 
initiation because in the larger strain the cells in the region close to the meri- 
stem remain meristematic longer or divide more rapidly. In such cases, 
unlike the material here studied, mature organ size is determined very early. 
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THE NATURE OF THE ASSOCIATION OF EUROPHIUM 
TRINACRIFORME WITH POLE BLIGHT LESIONS! 


A. K. PARKER? 


Abstract 

Europhium trinacriforme Parker was isolated from 11% of the lesions on 
western white pine affected with pole blight in the Interior of British Columbia 
and from 84% of the lesions on white pine on the Coast. This fungus was the 
only organism isolated more than twice from pole blight lesions and found to be 
pathogenic to white pine. However, it was unable to cause the pole blight 
condition within a period of 4 years after inoculation into healthy white pine. 
When this fungus was placed in wounds on white pine, lesions resulted which 
were similar to pole blight lesions in shape and in ability to cause resin exudation, 
but were otherwise dissimilar. On the basis of radial growth analysis it was 
evident that lesions occur following a general reduction in radial increment, and 
at the same time, or shortly after, the first crown symptoms of pole blight appear. 
Radial growth beneath lesions was nearly always less than in other parts of the 
stem section, indicating that both the position and extent of lesions are determined 
before they occur. Examinations of the number and size of lesions on pole 
blighted trees and the results of inoculations, isolations, and histological studies 
indicated that E. trinacriforme most likely gains entrance to lesions that are 
already formed from other causes and extends them. 


Introduction 


Pole blight is a disease of western white pine (Pinus monticola Dougl.) of 
unknown cause and origin. It attracted the attention of foresters as early 
as 1929 (16) and was first described by Wellner in 1947 (15). The disease 
has been reported as occurring on approximately 10% of all pole-sized white 
pine stands in eastern Washington, northern Idaho, and western Montana 
(13). In British Columbia the disease has been reported as occurring on the 
Coast (10) and in a number of widely separated stands throughout the com- 
mercial range of pine in the Interior® (9). 

The first readily apparent symptoms of the disease are a shortening of 
internodes and a slight yellowing and shortening of the needles in the upper 
third of the crown (Figs. 1, 2, 3). On the main stems resinosis from bark 
lesions occurs (Figs. 4,5). Later, an increasing amount of the crown is affected 
and symptoms in the upper part of it become more pronounced; the older 
needles fall and those left become yellow and appear to be bunched at the 
ends of the branches. The leader often dies back several feet. Finally the 
whole crown is affected, the needles turning yellow-brown or reddish-brown, 
and then falling. Trees are generally affected by the disease between the ages 
of 40 and 100 years, but occasionally as young as 35 years and as old as 170 
years. 

1Manuscript received July 8, 1957. 

Contribution No. 410 from the Forest Biology Division, Science Service, Department of 
Agriculture, Ottawa, Canada. Based on part of a thesis presented December, 1955, to the 
Faculty of Graduate Studies, University of British Columbia, in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 


2Forest Biology Laboratory, Victoria, B.C. 


8The term “Interior” is used to refer to all areas of British Columbia east of the Coast 
Mountain range. 
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In 1949 Gill and Andrews (5) reported that a species of Lepiographium 
Lag. & Melin, formerly Scopularia Preuss emend. Goid. (14), isolated from 
blighted trees gave indications of being parasitic on bark as well as wood 
when inoculated into fresh wood blocks in the laboratory. Earlier, Erhlich 
and Baker (4) reported frequent isolation of the fungus from the inner bark 
of white pine, especially of roots, but it was not suspected of being responsible 
for causing lesions. Parker et al. (9) reported that the organism was the one 
most frequently isolated from pole blight lesions in 1949. Gill e¢ al. (6), 
Parker (11), and Hubert (7) have reported the organism capable of causing 
lesions on healthy white pine. This fungus was described and named 
Europhium trinacriforme Parker in an earlier paper (12). 

The lesions resulting from artificial inoculation of healthy white pine with 
E. trinacriforme resembled those of pole blight in several respects; they were 
similar in shape and resin was exuded to the surface of the bark overlying the 
lesions. However, E. trinacriforme lesions on healthy trees were always 
associated with a pronounced resin-soaking of the underlying sapwood, while 
some lesions on blighted trees were found without this characteristic. In 
addition, many lesions occurring on affected trees on the Coast varied 
somewhat in appearance from the majority of those found on such trees located 
in the Interior. This paper reports on studies undertaken to clarify these 
differences and to determine the nature of the association of /. trinacriforme 
with pole blight lesions. 


Methods 


Isolations were made from lesions by removing small cubes (approximately 
3 mm.) of bark or wood aseptically, and placing them on potato-dextrose 
agar in culture tubes. 

Most inoculations were made by removing aseptically with a cork borer 
a piece of bark 5 mm. in diameter and then placing inoculum of the same size 
into the hole. Inoculum consisted of 10-day-old single-spore cultures on 
potato-dextrose agar. The surface of the inoculum with aerial mycelium was 
placed on the exposed inner bark or sapwood at the end of the hole. The 
inoculation points were then covered with moist cotton pads held in place 
with cellulose tape. Descriptions of other inoculation methods employed 
accompany the results of certain experiments. 

The disease severity index described by Buchanan ef a/. (2) was used as 
a guide for placing diseased trees in the severity classes employed in this 
study. The early, intermediate, and late disease severity classes of this study 
approximate their index values of 0.6-2.0, 2.1-3.0, and 3.1—3.6, respectively. 

A number of stem sections each containing a pole blight lesion were brought 
to the laboratory for analysis of radial growth and treated in the following 
manner. Disks } in. thick, each a complete cross section, were cut from the 
stem sections, sanded, and examined under a stereomicroscope. The disks 
were cut at approximately 6-in. intervals along the sections and included 


disks from the healthy area of sections } to 1 ft. beyond both ends of the 
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Fic. 1. Upper crowns of a healthy (right) and a blighted (left) white pine. Fie. 2. 
The leader of a healthy tree with approximately four feet of growth in the last 3 years 


Fic. 3. The leader of a blighted tree with approximately four inches of growth in the 
last 3 years. 
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Fic. 4. Part of a pole blight lesion on the main stem of a tree with bark removed 
Fic. 5. Resin from an underlying lesion on the surface of the main stem of a blighted 
tree. Fic. 6. Cross section through a lesion to show reduced radial growth. 
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lesions. The widths of growth rings were measured with sharp pointed 
dividers. The number of years the crown symptoms had been evident in the 
trees from which lesions were taken was obtained by counting the number 
of years since a sharp reduction in leader growth occurred. 

Samples for histological examination were placed in formalin — alcohol — 
acetic acid fixative immediately after collection. Sections were made with 
a sliding microtome and staining was carried out by the method of Cartwright 
and Findlay (3), modified by leaving the sections in safranin for 2 hours 
rather than 20 to 60 seconds. 


Results 
ISOLATION OF FUNGI ASSOCIATED WITH POLE BLIGHT LESIONS 


Samples were taken for culturing from 258 lesions which occurred on the 
aboveground parts of blighted trees located in the Interior (Table I). E. 
trinacriforme was isolated from 29 of these lesions. Samples from 94 lesions 
from trees on the Coast were cultured and 79 yielded E. trinacriforme. No 
other fungus was isolated from more than two lesions in either region. 

Field inoculation studies with EF. trinacriforme showed that a pronounced 
resin-soaked appearance of the sapwood beneath the bark lesions always 
accompanied the presence of the fungus in living tissue. Dead sapwood had 
turned a blue-black color when the fungus was present, the color being due 
to the presence of numerous dark hyphae throughout the tissue. In the 
Interior, of 258 lesions examined for the presence of blue stain in the sapwood, 
44 were affected. Of 102 lesions examined for a resin-soaked appearance 
in the underlying sapwood, which approached the intensity noted in inoculation 
experiments, nine were affected. £. trinacriforme was isolated from 17 of 
the 44 lesions associated with blue stain, and from seven of the nine lesions 
associated with pronounced resin-soaking of the sapwood. 


TABLE I 


THE INCIDENCE OF Europhium trinacriforme IN POLE BLIGHT LESIONS ON 
TREES LOCATED IN THE INTERIOR AND COAST REGIONS OF British COLUMBIA 


No. of lesions Percentage of 
No. of yielding lesions yielding 
Region lesions E. trinacriforme E. trinacriforme 
Interior 
Slocan—Arrow Lakes 156 13 8 
Creston 102 16 16 
Total 258 29 11 
Coast 
Bear Creek 63 52 83 
Misc.* 31 27 87 
Total 94 79 84 











*These lesions were on trees located near Duncan, Bowser, Qualicum Bay, and Hope. 
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On the Coast, of 94 lesions examined for the presence of blue stain in 
the sapwood, 22 were affected. Of 94 lesions examined for a pronounced 
resin-soaked appearance in the underlying sapwood, 88 were affected. E. 
trinacriforme was isolated from 21 of the 22 lesions associated with blue stain, 
and from 69 of the 88 lesions associated with pronounced resin-soaking of 
the sapwood. Twenty-one of the 22 lesions associated with blue stain were 
also associated with a pronounced resin-soaking of the underlying sapwood. 
E. trinacriforme was isolated only from lesions associated with blue stain or 
a pronounced resin-soaking of the underlying sapwood. Only five of the 
94 lesions were not associated with either blue staining or pronounced 
resin-soaking of the underlying sapwood. 

Isolation data also revealed that E. trinacriforme was obtained from only 
3% of the lesions occurring on trees in the early disease severity class in 
a stand affected by pole blight located at Creston in the Interior (Table II). 
The fungus was isolated from 18% of the lesions on trees in both the 
intermediate and late classes. On the Coast the fungus was isolated from 
74, 68, and 100% of the lesions on trees in the early, intermediate, and late 
disease severity classes, respectively. In all severity classes the incidence 
of E. trinacriforme in lesions on trees located on the Coast was more than 
three times that of the trees in the Interior. 


TABLE II 


THE INCIDENCE OF Europhium trinacriforme IN LESIONS ON BLIGHTED TREES CLASSED AS EARLY, 
INTERMEDIATE, AND LATE IN THE INTERIOR AND COAST REGIONS OF BRITISH COLUMBIA 











Percentage of lesions on trees in three 


No. of No. of disease classes with E. trinacriforme 
trees lesions —__—— $$$ 
Region examined cultured Early Intermediate Late 
Creston 21 92 3 18 18 
Coast 22 79 74 68 100 





INOCULATION OF HEALTHY WHITE PINE 


Pathogenicity Tests with Fungi Isolated from Pole Blight Lesions 

Thirteen different fungi that had been found associated with pole blight 
lesions were tested for pathogenicity by inoculation into healthy pole-sized 
white pine. Each fungus was tested on four trees. Inoculum was placed 
on each tree in one or two wounds which extended to the sapwood, in one 
wound which extended to the outermost part of the inner bark, and at one 
point on the outer bark which was not wounded. A control point was 
established on each tree for each type of inoculation. Only E. trinacriforme 
and one other fungus showed evidence of being pathogenic. Both fungi 
produced lesions similar in shape to pole blight lesions and caused exudation 
of resin through the bark overlying the lesions. £. trinacriforme produced 
lesions at all six inoculation points where the wound extended to the sapwood 
and at all four inoculation points where the wound extended only to the 
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outermost part of the inner bark. The lesions resulting from both types of 
inoculation averaged 15 in. in length (11-18) after 1 year. Lesions were not 
produced at the inoculation points where the bark was left intact. The 
second pathogen was another species belonging to the imperfect genus Lep- 
tographium and produced lesions only at the six inoculation points where 
the wounds extended to the sapwood. These lesions averaged 6 in. in length 
(4-8) after 1 year. As this fungus had been isolated only twice from pole 
blight lesions, it was not considered for further experimentation. 


A third fungus belonging to the imperfect genus Leptographium was isolated 
from beneath a fire scar on Douglas fir and tested for pathogenicity on white 
pine in a similar manner. Lesions resulted only where the inoculum was 
placed in a wound extending to the sapwood and then only at two of the six 
inoculation points. One lesion was 5 in. and the other 1 in. in length after 
a period of 1 year. They were similar in other respects to lesions produced by 
Europhium trinacriforme. 


The Effect of Europhium trinacriforme Lesions on White Pine 

A series of inoculation experiments were made to determine the effect 
of E. trinacriforme lesions on healthy pole-sized white pine over a period of 
years. Three widely separated stands containing pole-sized white pine that 
were free from blight were selected for this purpose. Two of the stands were 
located in the Interior near Kaslo and Lumby, and the third on the Coast 
near Sooke. Inoculations were made in the stand near Kaslo in 1951 and near 
Lumby and Sooke in 1952. Twenty-six trees were selected in each area and, 
of them, 20 were inoculated and six treated as controls. One isolate of the 
fungus was used for the trees near Kaslo and Lumby and a second isolate 
for trees near Sooke. A cork borer was used to make wounds where required. 

The stems of seven trees in each area were inoculated at one point 
approximately 5 ft. above ground. ‘The stems of seven trees were inoculated 
at four points approximately 5 ft. above ground. A lateral root on each of 
three trees was inoculated at one point approximately 3 ft. from the root 
collar. Four lateral roots on each of three trees were inoculated at one point 
approximately 3 ft. from the root collar. Five of the trees for stem and 
two for root inoculations were treated by placing disks of inoculum in wounds 
which exposed the sapwood. Another five of the trees for stem and two for 
root inoculations were treated by placing the inoculum in wounds which 
exposed the inner bark, and the remaining four trees for stem and two for root 
inoculations were treated by placing inoculum on intact outer bark. The 
trees were examined yearly following inoculation. One year after inoculation 
lesions had developed at all 120 points where inoculum was placed in wounds. 
No lesions appeared at the 45 points where the inoculum was placed on intact 
outer bark or at the 72 control points. 

In the Kaslo area the crowns of all trees were healthy 4 years after inocu- 
lation, and in the Lumby and Sooke areas all crowns were healthy 3 years 
after inoculation. All of the lesions were slightly callused at the edges but, 
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in a few cases, the fungus had grown through the callus and into the bark 
for short distances. All lesions were less than 3 ft. in length when examined 
in 1955. The occurrence of fresh resin each year on the outer bark overlying 
most lesions indicated that the fungus was still active. The sapwood beneath 
all lesions was resin-soaked. 


INOCULATION OF BLIGHTED TREES 


Four trees in each of the healthy, and early, intermediate, and late 
disease severity classes were selected for inoculation with E. trinacriforme 
in a stand affected by pole blight located in the Interior near Silverton. 
Inoculations were made at five points around each tree at approximately 
4.5 ft. above ground by placing inoculum in sapwood wounds made by a cork 
borer. 

Three trees, one in each of the healthy, early, and late disease classes were 
felled and analyzed 7 weeks later. The average lesion lengths at that time 
were 7, 10, and 6 in. for trees in each disease class, respectively. The remaining 
trees were felled and analyzed at the end of 56 weeks (Table III). Average 
lesion lengths were 13, 17, 24, and 35 in. for the healthy, early, intermediate, 
and late classes, respectively. The two largest lesions, 45 and 48 in. in length, 
occurred on trees in the intermediate and late disease classes. There was 
considerable variation of lesion length within each class. Callus growth was 
visible at the edges of the lesions on all trees analyzed 56 weeks after inocula- 
tion. More callus occurred around lesions on trees in the healthy and early 
disease classes than around lesions on trees in the later classes. Pronounced 
resin-soaking of the sapwood occurred beneath all lesions and fresh resin was 
noted on the outer bark. 


TABLE III 


THE LENGTH OF LESIONS PRODUCED ON HEALTHY AND BLIGHTED TREES 
56 WEEKS AFTER INOCULATION WITH Europhium trinacriforme 


Disease severity class 


Healthy Early Intermediate Late 
Average length, in. 13 17 24 35 
Range, in. 7-25 8-30 4-45 17-48 





NUMBER AND LENGTH OF LESIONS ON BLIGHTED TREES 


Data collected from 118 diseased trees in the Interior showed an average 
of two lesions per tree in the early, intermediate, and late disease severity 
classes (Table IV). The number of lesions on individual trees varied from 
1 toil. A similar analysis of 22 blighted trees located on the Coast showed 
the average number of lesions to be five in the early, four in the intermediate, 
and three in the late disease class. The number of lesions on individual 
trees varied from 1 to 15. 
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TABLE IV 


THE AVERAGE NUMBER OF LESIONS ON EARLY, INTERMEDIATE, AND 
LATE BLIGHTED TREES IN THE INTERIOR AND COAST REGIONS 








Early Intermediate Late 
No. of Average no. No. of Average no. No. of Average no. 
Region trees of lesions trees of lesions trees of lesions 
Interior 37 2 43 z 38 2 
Coast 7 5 8 4 7 3 
TABLE V 


THE AVERAGE LENGTH OF LESIONS ON BLIGHTED TREES IN 
STANDS IN THE INTERIOR AND ON THE COAST 


Disease severity class 


Early Intermediate Late 
Interior 
No. of lesions 30 22 40 
Average length of lesions not associated 
with E. trinacriforme, ft. 6 5 t 
Average length of lesions associated 
with E£. trinacriforme, ft. 14 19 23 
Average length of all lesions, ft. 7 7 7 
Coast 
No. of lesions 30 18 15 
Average length of all lesions, ft. 3 4 7 


Data on the length of lesions occurring on 21 affected trees examined in a 
stand in the Interior and on 16 such trees in a stand on the Coast are presented 
in Table V. In the stand in the Interior the average length of lesions not 
associated with E. trinacriforme was 6, 5, and 4 ft. for those lesions occurring 
on trees classed as early, intermediate, and late pole blight, respectively. If 
the lengths of lesions associated with E. trinacriforme are added to the lengths 
of those not associated with the fungus, the average length is increased to 
7 ft. in all disease classes. In the stand on the Coast the average length of 
lesions was 3, 4, and 7 ft. for those lesions occurring on trees classed as early, 
intermediate, and late blight, respectively. As all but three lesions on the 
trees in the stand on the Coast were associated with signs of E. trinacriforme, 
data on the average length of lesions not associated with the fungus are 
omitted. 


ANALYSIS OF RADIAL GROWTH OF BLIGHTED TREES 


In the Interior, three blighted trees from near Arrow Park and two from 
near Creston were felled, the symptoms recorded, and .nine samples, each 
containing a lesion, brought to the laboratory for examination. Isolations 
were made from all lesions but no organism was obtained. Data from the 
disk nearest the center of each lesion are presented in Table VI. 
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TABLE VI 


THE RELATION OF GROWTH RING REDUCTION TO THE TIME OF CROWN SYMPTOM DEVELOPMENT 
AND AGE OF LESIONS OF BLIGHTED TREES IN THE INTERIOR 








Minimum width of 








No. of No. of growth rings 
years years —— —_—_—— 
growth crown Age of Beneath Beneath 
Lesion rings symptoms lesion healthy lesions, 
Locality number reduced evident in years bark, mm. mm, 
Arrow Park 1 + 3 2 0.7 0.2 
Arrow Park 2 + 3 3 0.4 0.2 
Arrow Park 3 4 3 2 0.5 0.2 
Arrow Park + 4 3 2 0.4 0.3 
Arrow Park 5 4 3 2 0.7 0.3 
Arrow Park 6 5 5 yy 0.4 0.2 
Arrow Park 7 5 3 3 0.6 0.1 
Creston 8 4 4 1 0.5 0.2 
Creston 9 6 6 3 0.4 0.2 





*This lesion originated the same year the sample was taken for analysis. 


There was a marked general reduction in radial growth at the same time as 
or before crown symptoms appeared in the trees examined. Lesions occurred 
at the same time as or after the onset of crown symptoms, but after the general 
reduction in radial growth. The radial growth beneath lesions was always 
less than that in any other area of the cross sections (Fig. 6). This reduction 
also occurred in a direct line above and below lesions for as much as 1 ft. 

Disks were examined from the culture samples of 50 lesions obtained from 
diseased trees in the Interior. The culture samples each contained part of 
a lesion and some adjoining healthy bark. E. trinacriforme was associated with 
only six of these culture samples. In all samples the reduction in radial growth 
beneath lesions was greater than the reduction beneath the adjoining healthy 
bark. Disks were examined from culture samples taken near the center of 
23 lesions on blighted trees located on the Coast. LE. trinacriforme was 
associated with 18 of these culture samples. In all samples the reduction 
in radial growth beneath lesions was greater than the reduction beneath the 
adjoining healthy bark. Examination of disks from culture samples taken 
near the ends of 12 lesions associated with E. trinacriforme did not reveal 
a greater reduction in radial growth beneath the lesions than beneath the 
adjoining healthy bark. 


HISTOLOGICAL EXAMINATION OF LESIONS 


Twenty-four samples from 11 trees in the early disease severity class and 
one from each of three healthy trees were taken for histological examination. 
In the Interior, five of the blighted trees and one healthy tree were from Arrow 
Park, three affected trees and one healthy tree were from Creston, and the 
remaining three diseased trees and one healthy tree were from three different 
stands on the Coast. Nineteen of the 24 samples from blighted trees were 
taken from lesions. In order to reduce the danger of contamination by 
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saprophytic organisms only lesions with underlying tissue free of stains and 
resin-soaking, and appearing to be of recent origin, were selected. A sample 
was taken from an area near a lesion on each of five diseased trees and from 
approximately 8 ft. above ground on the boles of each of the three healthy 
trees. All samples included bark and approximately } in. of underlying 
sapwood. 

There was no evidence of fungi or bacteria in the slides made from samples 
of the 19 lesions, nor was there any indication that they had been present. 
Cells of the cambium and rays in the first one or two growth rings beneath 
the bark appeared to have died prior to sampling. Slides made from the 
samples collected near lesions on affected trees showed that the last one to 
three growth rings were slightly wider than those beneath lesions on the same 
tree. Cells of the cambium and rays in the first one or two growth rings 
beneath the bark appeared to have been alive and healthy at the time of 
sampling. Slides made from healthy tree samples were similar to those from 
living bark areas of the diseased trees except that growth rings were consider- 
ably wider in the former. 

In a second group of samples, hyphae were readily seen in sections made 
from six pole blight lesions from which E. trinacriforme had been isolated. 
They were most abundant in ray parenchyma, much of which had died and 
disintegrated before sampling. Hyphae in the tracheids passed from cell to 
cell through the bordered pits. Numerous small drops of resin were evident 
in the woody tissues. Hyphae and small drops of resin were also evident in 
sections made from two lesions which had been produced on a healthy tree 
by artificial inoculation with EF. trinacriforme. 


Discussion 


The results of inoculation experiments begun in 1951 and 1952 by the author 
and the results of experiments made by others (1, 7) have shown that 
E. trinacriforme lesions on the main stems or lateral roots of healthy white 
pine do not cause pole blight. Indirect evidence in support of this statement 
was obtained from the radial growth analysis made by Leaphart and Gill 
(8) and by the analysis presented in this study. Both of these investigations 
indicated that a marked reduction in radial growth is the first aboveground 
symptom of pole blight. Therefore, regardless of their cause, lesions cannot 
be responsible for initiating the disease because they occur after a pronounced 
decrease of radial increment. Furthermore, it is doubtful that lesions even 
contribute to decline of the crown to any appreciable extent, as it was found 
that there may be as many lesions of a given width and length on trees in 
the early stages of crown decline as there are on trees near death. 

Although most of the data clearly indicate that E. trinacriforme does not 
cause the lesions occurring on blighted trees, some of the data when examined 
alone suggest this possibil:cy. Thus, E. trinacriforme has been isolated only 
from lesions on blighted trees or from white pine slash, was the only pathogenic 
organism isolated more than twice from pole blight lesions, and produced 
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lesions on experimentally inoculated white pine similar in two respects to 
pole blight lesions, i.e., shape and resin exudation. In addition, 95% of the 
pole blight lesions on the Coast were associated with blue stain or pronounced 
resin-soaking of the sapwood, or both, and one or both of these conditions 
always occurred beneath lesions associated with E. trinacriforme. Further 
data obtained during this study, however, indicate that EF. trinacriforme is 
not the cause of pole blight lesions. 

If this fungus were the only cause of pole blight lesions its isolation should 
have been at least as frequent from lesions on trees in the early stage of the 
disease as from those on trees in later stages. However, E. trinacriforme was 
isolated from only 3% of the lesions on trees in the early stage of pole blight, 
while it was obtained from 18% of the lesions on trees in the intermediate and 
late stages of the disease. A trend towards a higher incidence of the fungus 
in lesions on trees with late pole blight was also evident on the Coast, although 
the incidence was considerably higher in lesions on trees in all disease severity 
classes. The absence of EF. trinacriforme in many of the lesions on trees placed 
in the early pole blight class was confirmed by histological examinations. 
Neither E. trinacriforme nor any other organism was seen in the examinations. 

E.. trinacriforme was isolated only from those lesions associated with blue 
stain or pronounced resin-soaking of the underlying sapwood, or both. At 
least one of these symptoms was consistently associated with lesions produced 
in all inoculation experiments, but they were not constantly associated with 
pole blight lesions. <A large majority of pole blight lesions in the Interior and 
some of those on the Coast did not have either of these symptoms. 

Previous investigators have attached significance to the fact that £. 
trinacriforme is able to produce lesions, similar in several respects to pole 
blight lesions, when inoculated into healthy trees (6, 7, 11). Since it was 
found in this study that two other fungi are capable of producing lesions 
resembling those caused by E. trinacriforme little significance should be 
attached to the similarity of lesions produced by the fungus in inoculation 
experiments to lesions occurring on affected trees. 

Analysis of radial growth of blighted trees in the Interior and Coast indicated 
that the position and size of lesions were determined before they occurred. 
For a period of from 1 to 4 years prior to the appearance of a lesion radial 
growth in the area where the lesion later occurred was less than that in other 
areas at the same height. Inoculation studies showed, however, that lesions 
caused by E. trinacriforme are formed within a relatively short period and that 
cambial activity is stopped immediately, rather than after several years of 
reduced radial growth. 

Because of the higher incidence of E. trinacriforme in pole blight lesions on 
trees on the Coast and because 12 of the 35 culture samples from this area 
which were associated with the fungus did not show a greater reduction in 
radial growth beneath lesions than beneath healthy bark at the same height, 
one might expect that at least some of the lesions occurring on blighted trees 
were caused by the fungus. This is unlikely, however, because the number 
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of lesions was approximately the same in all disease severity classes. If pole 
blight lesions were produced by E. trinacriforme in addition to being caused 
by other factors, one would expect more lesions on trees in the late disease 
class than on trees in the early disease class because this fungus was most 
frequently associated with lesions on trees in the former class. Trees in the 
late stage of blight would also be expected to have a greater number of lesions 
because they had been diseased for a longer time than trees in the early stage 
and, therefore, had been exposed to the possibility of inoculation for a longer 
period of time. 

It may be concluded that pole blight lesions are not directly caused by 
E. trinacriforme or any other organism. Because the average length of lesions 
on trees in the intermediate and late stages of pole blight was either greater 
or had been increased more than on trees in the early stage, owing to the higher 
incidence of £. trinacriforme in the former groups, it is most likely that the 
fungus gained entrance to lesions already formed and extended them. The 
results of inoculation of blighted trees with this fungus indicated that the 
amount of increase in length of lesions depended upon the severity of the disease 
and the length of time the fungus had been present. Inoculation of healthy 
and diseased white pine demonstrated that the fungus must gain entrance 
to the inner bark or sapwood before it can produce a lesion. The longer a 
lesion has been established the more likely suitable entrances through the outer 
bark would be formed, and the more likely a facultative parasite such as 
E. trinacriforme would gain entrance. The higher incidence of FE. trinacriforme 
associated with lesions on trees of all disease severity classes on the Coast 
than in the Interior might be explained on the basis that the fungus gained 
entrance to lesions on trees on the Coast at an earlier period after formation 
than generally occurred in the Interior. Callus formation around pole blight 
lesions was observed occasionally on the Coast and rarely in the Interior. As 
a result, the outer edges of such lesions appeared similar to those produced by 
artificial inoculation of blighted trees with EF. trinacriforme. Callusing would 
have been evident had the fungus gained entrance to a lesion already formed 
and had it grown beyond the original boundary outlined by reduced radial 
growth. This would also explain why 12 of the 35 culture samples associated 
with FE. trinacriforme {rom the Coast did not show a greater reduction in radial 
growth beneath lesions than beneath healthy bark at the same height. 
Because the culture samples showed evidence of callusing and were taken 
from near the ends of lesions they probably came from areas invaded by the 
fungus beyond the original lesions. Nevertheless, for trees in the early stage 
of pole blight the possibility exists that the fungus may occasionally produce 
lesions by gaining entrance to the areas of reduced radial growth which still 
have a covering of healthy cambium. Such lesions would appear identical 
to those already formed and invaded later by the fungus. The typical pole 
blight lesion, however, will be a long narrow necrotic area in the bark overlying 
a similarly shaped area of reduced radial growth in the outer sapwood. 


Hyphae will be absent and there will be only slight resin-soaking of the 
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underlying sapwood. The position of most lesions will be marked by resin 
which has been exuded to the surface of the bark. When the pole blight lesion 
is invaded by E. trinacriforme the sapwood beneath the lesion will have a 
pronounced resin-soaked appearance or be blue stained, or both, and in time 
will be extended beyond the boundaries of the lesion as marked by the reduced 
radial growth. 
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STUDIES IN FOREST PATHOLOGY 


XVI. DECAY OF BALSAM FIR, ABIES BALSAMEA (L.) MILL., IN THE 
ATLANTIC PROVINCES! 


A. G. Davipson? 


Abstract 


Analyses of approximately 2600 living balsam fir, examined at seven localities 
in the Atlantic Provinces, established that, after adjustment for age, differences 
in the amount of cull existed between some of the localities. The analyses 
indicated that the effect of age on trees between 60 and 120 years of age is 
expressed mainly in the number of trees infected with decay, although in some 
areas it also has an effect on the amount of butt cull in infected trees. Differ- 
ences in the amount of trunk cull between localities could be attributed to 
differences in the number of trees possessing this type of decay. No significant 
effect of age on the amount of trunk cull in infected trees was found in any 
locality, nor were there any differences in the amount of trunk cull in these 
trees among localities. Differences in the amount of butt cull were caused 
both by the number of trees infected with butt rot and by the amount of cull 
in infected trees. Some factors have been enumerated which require further 
study before the causes of such differences can be determined. It is felt that 
a critical study of the infection courts may disclose reasons for differences in 
the amount of trunk infection. Butt rot relationships appear to be more 
complex and an understanding of the causes of the variations encountered can 
be determined only after further intensive studies. 


Introduction 


Balsam fir, Abies balsamea (L.) Mill., comprises approximately one-fifth 
of the total volume of standing timber in the Province of New Brunswick (9) 
and is one of the most important sources of pulp wood. Since decay results 
in a considerable loss of wood substance in this species, investigations were 
begun in 1949 to obtain information on the nature and the amount of loss 
from this decay in northern New Brunswick. 

Early in the course of the work, reports were received by the author that 
variations in the amount of decay in balsam fir existed between different 
localities in the Atlantic Provinces. As a result, the investigations were 
extended to include widely separated areas with the object of determining 
whether such differences really existed. In the period 1949 to 1952 approxi- 
mately 3450 living balsam fir located in New Brunswick, Nova Scotia, and 
Newfoundland were examined. When differences were observed, the com- 
parisons were continued to determine the types and characteristics of decay 
responsible. The object was to discover what factors might account for 
the observed differences. 

1Manuscript received June 20, 1957. 

Joint contribution from the Department of Botany, University of Toronto, Toronto, 
Ont., and Contribution No. 395 from the Forest Biology Division, Science Service, Depart- 
ment of Agriculture, Ottawa, Canada. Based on a portion of a thesis presented in October, 
1955, to the University of Toronto in partial fulfillment of the requirements for the degree 


of Doctor of Philosophy. 
2Forest Biology Laboratory, Fredericton, N.B. 
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Methods 


The locations of the areas selected for study are shown in Fig. 1. In each 
area, plots from 1/10 to 1/4 ac. in size were selected in stands that had been 
undisturbed or disturbed very little by cutting, so as to include the variations 
in forest types present in the area. 

The procedure was to clear cut each plot of all living balsam fir greater 
than 3 in. in diameter at breast height. The trees were felled at the height 
of 1 ft. and cut into 4-ft. bolts. When necessary, these bolts were further 
sectioned to determine the extent of the decay. 

At each cut the diameters of the tree and of the decay were recorded. Each 
tree was plotted on Form SB239, a modified form of the United States Depart- 
ment of Agriculture Form 558A. Descriptions of the decays present were 
recorded and cultures were made from samples of each for subsequent iden- 
tification of the wood-destroying fungi present. 

Annual ring counts were made for trees in each plot at all cuts up to the 
height where a complete ring count could be made for all the trees. The 
average number of years required for the trees to grow between each cut was 
then determined for each plot. Frequently a stump age could not be deter- 


mined directly because of the presence of decay. In such cases, the stump 
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Fic. 1. Map of the Atlantic Provinces showing the location of study areas for decay 
in balsam fir. A: Green River Watershed, N.B.; B: Jacquet River, N.B.; C: Popple 
Depot, Nipisiquit Watershed, N.B.; D: Central Nova Scotia, Musquodoboit, and 
Stewiacke Watersheds; E: Crowdis Mountain, Cape Breton Island, N.S.; F: Lomond 
Road, Nfld.; G: Sandy Brook, Nfld. 

_ Note: The letters used in this figure are used to designate the same areas in subsequent 
figures. 
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age was usually estimated by adding to a complete ring count, which was 
made at the height where obtainable, the average number of years required 
by other trees in the plot to attain an equal height. The use of this method 
proved to be impossible for several trees and, in these cases, the stump age 
was estimated by adding to the number of countable rings the average number 
of years required by other trees in the plot to reach a diameter corresponding 
to the diameter of the decayed portion. In all cases the total age was esti- 
mated by adding to the stump age the average number of years required for 
seedlings to reach the height of one foot. 

Previous investigators (7, 11) have outlined the difficulties with which one 
is faced in defining cull. These difficulties exist largely because a number of 
different culling methods are in use even in one region. During the course 
of the present study, a method first used by McCallum (8) was adopted, 
since the values obtained by this method lie within the range of values 
obtained by the commercial pulpwood culling practices presently used in the 
Atlantic Provinces. By this method, all portions of the merchantable 
volume containing any measure of decay are culled. The remaining portions, 
irrespective of length, are considered merchantable. 

The gross merchantable volumes were obtained by planimetering the areas 
occupied by the trees on Form SB239 between the stump and a 3-in. top. 
This form is divided by a logarithmic grid and, when the trees are plotted to 
scale on it, the cubic volume is readily obtained by measuring with a plani- 
meter the area between the outline of the plotted tree and the diameter and 
height axes, and multiplying the result by a known conversion factor. All 
measurements were made twice and, if the two readings did not agree within 
1%, they were repeated. Computations were carried to two decimal places, 
and the resulting values were taken to the nearest tenth of a cubic foot. 
The volumes obtained by this method of compilation were checked periodi- 
cally with those given by the Smalian formula.* The results were found to 
agree within 1%. This procedure was repeated for the measurement of the 
cull volumes in decayed trees. Cull volumes less than 0.05 cu. ft. were 
considered negligible. For the following statistical analyses, the amount of 
decay was expressed as a percentage of the gross merchantable volume of 
each tree rather than as a cubic foot volume. By the culling method used, 
the larger of two unequally-sized trees containing the same extent of decay 
would contain a larger amount of cull. This difference due to tree size was 
compensated for by expressing the cull volume as a percentage of the gross 
merchantable volume. 


Results 


A Comparison of the Amount of Total Cull in All Trees between Localities 
According to Wagener and Davidson (14), one of the most consistent 
relationships that has been demonstrated in investigations of heart rots in 


*Volume in cubic feet = [(B + 6)/2] * L where B = area of large end of bolt, sq. ft.; 
b = area of small end of bolt, sq. ft.; L = length of bolt in feet. 
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individual tree species has been that of the increase in volume of decay with 
increasing tree age. This relationship was used, therefore, to compare the 
amount of cull between localities in the present study. The distribution 
of trees by age classes was not uniform throughout the samples and only 
trees occurring in the age range of 61 to 120 years were considered. This 
range, which included approximately 2600 trees, was fairly well represented 
in the sample from each of the areas, with the exception of the 61- to 80-year 
age class from Sandy Brook, Nfld., and the 101- to 120-year age class from 
central Nova Scotia (Table !). 


TABLE I 


THE NUMBER OF TREES EXAMINED AND THE PERCENTAGE WITH DECAY FOR EACH 
LOCALITY BY AGE CLASS 





Age class 





61-80 81-100 101-120 Average 
% % % Total % with 
Locality Number decayed Number decayed Number decayed number decay 

Green River, N.B. 223 52.9 276 778 132 87.9 631 71.0 
Jacquet River, N.B. 63 54.0 58 72.4 99 86.9 220 73.6 
Popple Depot, N.B. 109 49.5 118 oe 103 79.6 330 67.6 
Central Nova Scotia 135 40.7 68 22.2 16 100.0 219 54.8 
Crowdis Mt., N.S. 148 46.9 270 58.3 54 59.3 472 54.9 
Lomond Road, Nfld. 270 24.4 235 37.4 45 51.1 550 32.2 
Sandy Brook, Nfld. 9 100.0 84 65.5 89 58.4 182 63.7 





| 


When the means of the age classes were plotted to show the relationship 
between age and the percentage of cull for all trees examined in each area, 
straight-line relationships seemed to fit the data. Linear regression lines 
were therefore constructed to show this relationship for each locality (Fig. 2). 

To determine the significance of the differences obtained it was decided 
to use the regression data, where necessary, to adjust the area means to a 
common age and to use the 5% fiducial limits as the measure for significance. 
Areas were to be considered different when the limits of their means were 
non-overlapping. The common age to be used was 87 years, the mean age 
of all trees examined. In other tests, a significance level of 5% or less was 
considered as indicating a difference. 

The regression lines were tested for differences from horizontal lines to 
discover which of the areas required adjustment for age. Of the areas studied, 
Crowdis Mt., Lomond Road, and Sandy Brook (E, F, and G) required no 
adjustment. The remaining four areas were then tested to determine whether 
the trends of the age-class means departed significantly from linearity (10). 
With three of the areas, namely Jacquet River, Popple Depot, and central 
Nova Scotia (B, C, and D), the results indicated no more than random 
sampling departure from linear regression. In the remaining area, Green 
River (A), more than random sampling departure from linear’ regression 
occurred. This indicated that the relationship between age and the per- 
centage of cull was actually curvilinear in this area. However, the mean 
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Fics. 2 and 3. Regression lines showing the relationships between age (X) and the 
percentage of cull in balsam fir for samples from seven localities in the Atlantic Provinces. 
The equations for the estimated percentage of cull are as follows: 

Fic. 2 (all balsam fir). A: 0.43X — 12.5; B: 0.47X — 17.7; C: 0.41X — 8.6; D: 
0.70X — 36.9: E: 0.19X + 4.2; F: 0.16X — 3.1; G: 44.0 — 0.24X. 

Fic. 3 (decayed balsam fir). A: 0.10X — 26.2; B: 0.27X + 9.5; C: 0.09X + 33.6; 
D: 0.15X + 22.7; E: 46.9 — 0.11X; F: 52.8 — 0.25X; G: 56.4 — 0.25X. 
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age of trees examined in the Green River area was the same as the age to be 
used in the comparisons, namely 87 years, and no adjustment for age was 
required in this area. 

An examination of Table I will show that a large proportion of the trees 
examined were not decayed. Since all trees were included in the calculation 
of the regression lines, this high proportion of trees having equal values of 
cull (namely, 0%) might cast some doubt on the validity of such calculations. 
However, Chi-square tests of independence (10) disclosed that in the four 
areas having significant regression lines, the distribution of trees in cull 
categories was related to age and thus implied a regression. Therefore, the 
regression lines were used to adjust the means in those areas requiring an 
adjustment for age. 

The 5% fiducial limits, shown in Table II, were calculated for the adjusted 
and unadjusted means according to the formulae given by Snedecor (10). 
A comparison of these limits shows that, after adjustment for age, differences 
in the amount of cull actually did exist between some of the areas investi- 
gated. Lomond Road has less cull in all trees than all the other areas, while 
Crowdis Mt. has less than Popple Depot. 

At this point, it was considered that the differences in the amount of cull 
between locations could be due to differences in either or both the number 
of trees decayed and the amount of cull in decayed trees. In the previous 
calculations, all the trees examined were taken into consideration whether 
or not they possessed cull. It was supposed that two locations could have 
similar amounts of cull in the decayed trees but could differ in the number 
of trees infected, or vice versa, so that significant differences in the average 
values of cull, all trees considered, might result. Therefore, the calculations 
were continued to compare the amount of cull in decayed trees only. It was 
believed that a comparison of differences obtained from all trees with those 
from decayed trees would indicate what part the number of trees infected 
might play in determining similarities and differences between areas. In 
this study, an infected or decayed tree was considered as one that possessed 
a measurable amount of cull (0.05 cu. ft.) since it is impossible in a study of 
this kind to find and record all smaller volumes of decay. 


A Comparison of the Amount of Total Cull in Decayed Trees between Localities 

The regression lines showing the relationships between age and total cull 
in the decayed trees by locality are presented in Fig. 3. Only the regression 
line obtained for Jacquet River (B) was significantly different from a hori- 
zontal line. Thus the effect of age has been removed for the most part by 
removing the uninfected trees. The means of the age classes in the Jacquet 
River sample showed no more than random sampling departure from linear 
regression. The 5% fiducial limits were determined as before, an adjustment 
being made only to the mean of Jacquet River. It can be seen (Table II) 
that Lomond Road, Jacquet River, and Sandy Brook have less total cull in 
decayed trees than Popple Depot. 
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TABLE II 


THE ESTIMATED PERCENTAGE OF TOTAL CULL IN ALL TREES AND DECAYED TREES 
SHOWING 5% FIDUCIAL LIMITS AT 87 YEARS FOR EACH LOCALITY 











Estimated % Estimated % 
of total cull 5% fiducial of total cullin 5% fiducial 
L oc ality in all trees limits decayed trees limits 

Green River, N.B. 25.0 22.8-27.2 35.2 32.6-37.9 
Jacquet River, N.B. 2.2 19.5-27.0 33.3 28 .3-37.8 
Popple Depot, N.B. 27 A 23.6-30.6 42.0 38.2-45.8 
Central Nova Scotia 24.0 20.0-28.0 35.5 30.7-40.3 
Crowdis Mt., N.S. 20.5 17.9-23.0 37.3 33.8-40.8 
Lomond Road, Nfld. 10.1 8.2-12.0 31.3 26.8-35.8 
Sandy Brook, Nfld. 20.5 16.4-24.6 32.1 26.7-37.6 








A comparison of these differences with the differences from all trees indicates 
that the number of trees decayed plays a part in determining differences and 
similarities between areas. Areas that were similar when all trees were 
considered differed when only decayed trees were used and vice versa. While 
the amount of cull in all trees in the Popple Depot area was similar to that 
in the Green River, Jacquet River, and Sandy Brook areas, the amount of 
cull in decayed trees at Popple Depot differed from those in the other three 
areas. Conversely, Lomond Road differed from Green River, Jacquet River, 
central Nova Scotia, Crowdis Mt., and Sandy Brook when all trees were 
considered, but when only decayed trees were considered the six areas had 
similar amounts of cull. 

Chi-square tests of independence showed that the number of trees infected 
was related to age in all areas except one, viz. Crowdis Mt. For the remaining 
six areas, regression lines were constructed to show the relationships between 
age and the percentage of trees decayed. The average percentage of infection 
for each of these areas was then adjusted to 87 years. In order to reconstruct 
the percentage of cull in all trees, the estimated percentages of trees infected 
were multiplied by the corresponding percentage of total cull in decayed 
trees. The calculated mean percentage of total cull in all trees for each area 
fell within the 5% limits obtained previously. It appears, then, that the 
number of trees infected (after adjustment for age) can satisfactorily account 
for the differences observed between the results obtained from all trees and 
those from decayed trees. There still remain, however, some differences in 
the amount of total cull, viz. between Lomond Road and Popple Depot, 
between Sandy Brook and Popple Depot, between Jacquet River and Popple 
Depot, and between Green River and Popple Depot, that cannot be accounted 
for by the number of trees infected. 

There are two distinct classes of rot in balsam fir, as in other living trees, 
viz. butt decay and trunk decay. Butt rot occurs in the basal portion of the 
tree and enters the tree principally through the roots while trunk rot occurs 
higher up in the tree and enters principally through branch stubs (1). Since 
these classes of decay are initiated through different infection courts and 
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TABLE III 


THE AVERAGE PERCENTAGE OF CULL FOR CLASSES OF DECAY BY LOCALITY 











Locality Trunk decay Butt decay 
Green River, N.B. 15.7 9.3 
Jacquet River, N.B. 13.8 12.6 
Popple Depot, N.B. 14.3 14.1 
Central Nova Scotia 14.7 4.8 
Crowdis Mt., N.S. 12.9 ee 
Lomond Road, Nfid. 4.7 5.4 
Sandy Brook, Nfld. 10.2 10.3 





occupy different positions in the tree, it is logical to suppose that they may 
be influenced by different factors. Table II] shows that there are differences 
between the localities with respect to the amount of cull attributed to the 
two classes of decay. The comparisons were, therefore, continued to deter- 
mine whether the differences observed previously could be attributed to the 
number of infections or to the amount of cull in infected trees caused by 
either or both classes of rot. These further comparisons form the subject 
matter of the following four sections. The methods used were similar to 
those used previously, but a decayed tree in the following sections refers to a 
tree affected by the particular type of rot under consideration. Thus, when 
trunk rot is being considered, a decayed tree is one that contains a measurable 
amount of trunk cull. 


A Comparison of the Amount of Trunk Cull in All Trees between Localities 

The relationships between age and the percentage of trunk cull in all trees 
examined for the several localities are shown in Fig. 4. Those obtained from 
Crowdis Mt. and Sandy Brook (E and G) were not significantly different 
from horizontal lines showing no significant effect of age. In the remaining 
five areas, Chi-square tests of independence showed that the distribution of 
trees in cull categories was related to age and implied a regression in the data, 
although a large proportion of the trees had no trunk cull. Of these areas, 
Green River was again the only one showing a curvilinear relationship. 
Since the mean age of the trees examined in that area was again 87 years, 
the linear regression data were used to adjust the means of the areas displaying 
a significant effect of age on the amount of trunk cull. The 5% fiducial limits 
were determined as previously and are given in Table IV. It can be seen 
that Lomond Road has less trunk cull in all trees than any of the other areas 
and that Sandy Brook has less than central Nova Scotia and Green River. 


A Comparison of the Amount of Trunk Cull in Decayed Trees between Localities 

Regression lines were constructed for the relationships between age and 
trunk cull in decayed trees for each area (Fig. 5) but none of these proved to 
be significantly different from horizontal lines. Thus the effect of age on 
the amount of trunk rot has been removed by removing the sound trees. 
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Fics. 4 


and 5. Regression lines showing the relationships between age (X) and the 


percentage of trunk cull in balsam fir for samples from seven localities in the Atlantic 


Provinces. 


The equations for the estimated percentage of trunk cull are as follows: 


Fic. 4 (all balsam fir). A: 0.30X — 10.4; B: 0.21X — 6.9; C: 0.33X — 15.5; D: 


0.61X — 34.5: E: 0.16X — 0.8; F: 0.15X — 7.7; G: 19.0 — 0.09X. 


Fic. 5 (balsam fir infected with trunk decay). A: 43.2 — 0.08X; B: 47.1 — 0.05X; 


C: 45.5 — 0.04X; D: 41.2 — 0.04X; E: 46.5 — 0.11X; F: 57.7 — 0.21X; 
— 0.39X. 


G: 


71.2 
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TABLE IV 


THE ESTIMATED PERCENTAGE OF TRUNK CULL IN ALL TREES AND DECAYED TREES 
SHOWING 5% FIDUCIAL LIMITS AT 87 YEARS FOR EACH LOCALITY 


Estimated % Estimated % 
of trunk cull 5% Fiducial of trunk cullin 5% Fiducial 
Locality in all trees limits decayed trees limits 

Green River, N.B. 2.8 13.8-17.7 35:8 32.7-39.0 
Jacquet River, N.B. 12.4. 9.0-15.8 42.1 35.9-48 .2 
Popple Depot, N.B. i:2 10.4-16.0 41.7 37.1-46.2 
Central Nova Scotia 18.6 15.1-22.1 37.8 32 .9-42 .6 
Crowdis Mt., N.S. 12.9 10.9-15.0 36.8 33 .0-40.7 
Lomond Road, Nfld. 5.4 4.2- 6.6 39.3 33.7-44.9 
Sandy Brook, Nfld. 10.2 7.1-13.2 33.1 26 .4-39.7 
Average 37.6 35.9-39.4 





Five per cent fiducial limits were determined for the unadjusted means and 
the values obtained are given in Table IV. These show that there are no 
significant differences in the amount of trunk cull in decayed trees between 
any of the areas studied. The average percentage (37.6%) appears to be a 
good estimate of the amount of trunk cull in trees infected with this type of 
rot occurring within the age range considered. 

Chi-square tests of independence showed that age had a significant effect 
on the number of trees infected in all areas except Crowdis Mt. and Sandy 
Brook. Regression lines were constructed to obtain the relationship between 
age and the percentage of trees infected in those areas showing an effect of 
age. Using these relationships, the mean percentages of infected trees in 
these areas were adjusted to 87 years. A calculated mean percentage of 
trunk cull in all trees was determined from the number of trees infected and 
the amount of trunk cull in decayed trees. The values obtained closely 
resemble the values obtained using all trees. It would appear that differences 
in the number of trees infected can account for any differences observed in 
the amount of trunk cull. 


A Comparison of the Amount of Butt Cull in All Trees between Localities 

Of the regression lines constructed for the relationships between age and 
butt cull in all trees (Fig. 6), only two were significantly different from hori- 
zontal lines, viz. those for Green River and Jacquet River (A and B).  Chi- 
square tests of independence showed that the distribution of trees in cull 
categories was related to age in these areas and implied a regression to the 
data, although in this grouping a large number of trees possessed no butt 
cull. The age-class means of both these areas showed no more than random 
sampling departure from linear regression. As a result, the regression data 
were used to adjust the mean percentage of butt cull in these areas to 87 
years. Five per cent fiducial limits were determined for all the means and are 
presented in Table V. These show numerous differences between areas. 
Lomond Road has less butt cull in all trees than Sandy Brook, Jacquet River, 
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Fics. 6 and 7. Regression lines showing the relationships between age (X) and the 
percentage of butt cull in balsam fir for samples from seven localities in the Atlantic 
Provinces. The equations for the estimated percentage of butt cull are as follows: 

Fic. 6 (all balsam fir). A:0.13X — 2.0; B: 0.25X — 10.8; C:0.08X + 6.9; D: 0.09X 
— 2.4; E: 0.03X + 4.9; F: 0.01X + 4.5; G: 25.0 — 0.15X. 

Fic. 7 (balsam fir infected with butt decay). A: 19.7 — 0.03X; B: 0.10X + 9.2; C: 
43.1 — 0.18X; D: 48.8 — 0.39X; E: 40.3 — 0.24X; F: 61.6 — 0.46X; G: 26.2 — 0.06X. 


Popple Depot, and Green River; central Nova Scotia, less than Green River, 
Popple Depot, Jacquet River, and Sandy Brook; Popple Depot, more than 
Green River and Crowdis Mt.; Jacquet River, more than Crowdis Mt. 


A Comparison of the Amount of Butt Cull in Decayed Trees between Localities 

The regression lines for the relationships between age and butt cull in trees 
with butt decay are shown in Fig. 7. Only the ones for central Nova Scotia 
and Lomond Road (D and F) were significantly different from horizontal 
lines and both were found to fit the data. The means of these two areas 
were adjusted to 87 years and the 5% fiducial limits determined for all the 
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TABLE V 


THE ESTIMATED PERCENTAGE OF BUTT CULL IN ALL TREES AND DECAYED TREES 
SHOWING 5% FIDUCIAL LIMITS AT 87 YEARS FOR EACH LOCALITY 











Estimated % Estimated % 
of butt cull 5% Fiducial of butt cull in 5% Fiducial 
Locality in all trees limits decayed trees limits 

Green River, N.B. 9.3 8.1-10.5 17.0 15.2-18.8 
Jacquet River, N.B. 10.9 8.9-13.0 19.1 16.6-21.7 
Popple Depot, N.B. 14.1 11.7-16.5 26.3 22 .8-29.8 
Central Nova Scotia 4.8 3.3- 6.3 14.8 11.1-18.6 
Crowdis Mt., N.S. v0 6.2- 8.8 19.2 16.7-21.8 
Lomond Road, Nfld. 5.4 4.0- 6.7 21..5 17.1-26.0 
Sandy Brook, Nfld. 10.3 7.5-13.2 20.4 15.6-25.2 





means (Table V). It will be readily observed that the numbers of trees 
infected with butt rot are not responsible for all the differences in the amount 
of butt cull between localities, since differences still exist when only the 
decayed trees are considered, Popple Depot having more butt cull in infected 
trees than Green River, Crowdis Mt., and Jacquet River. This is different 
from the results obtained with trunk decay. 

That the number of trees infected with butt rot does play some part in 
determining similarities and differences in the amount of butt cull between 
localities can be seen by comparing the results obtained from all trees with 
those from decayed trees only. For instance, the differences between Lomond 
Road and Sandy Brook, between Lomond Road and Jacquet River, between 
Lomond Road and Popple Depot, and between Lomond Road and Green 
River disappeared when only decayed trees were considered. On the other 
hand, Popple Depot and Jacquet River. differed when only decayed trees 
were considered but were similar when all trees were used. 

Chi-square tests of independence showed that the number of trees infected 
with butt decay was related to age in all areas except Crowdis Mt. Regression 
lines were, therefore, constructed for adjusting the mean percentage of in- 
fection in these areas to 87 years. Values for the mean percentages of butt 
cull in all trees for each locality were calculated as previously. The values 
obtained lay within the 5% fiducial limits determined from all trees. 


Factors Responsible for Differences in the Amount of Cull 


The negative regression coefficients (although not all significant) obtained 
for the relationships between age and trunk cull in decayed balsam fir, and 
for all the areas except one, viz. Jacquet River, between age and butt cull 
in decayed trees would seem to indicate that some of the decayed trees are 
dropping out of the stand during the period of 61-120 years. This is not 
reflected in the percentages of trees infected, with the exception of the Sandy 
Brook, Nfld., area (Table VI). Boyce and Wagg (3) dealing with conk rot 
caused by Fomes pini (Thore) Lloyd in old-growth Douglas fir have shown 
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TABLE VI 


THE PERCENTAGES OF TREES WITH BUTT AND TRUNK DECAY BY LOCALITY AND AGE CLASS 

















Age class 
61-80 81-100 101-120 

Locality Butt Trunk Butt Trunk Butt Trunk 
Green River, N.B. 39.9 30.0 58.3 47.1 72.0 59.8 
Jacquet River, N.B. 41.3 20.6 65.5 31.0 81.8 41.4 
Popple Depot, N.B. 39.4 19.3 61.0 32.2 60.2 52.4 
Central Nova Scotia 19.3 25.2 48.5 54.4 75.0 87.5 
Crowdis Mt., N.S. a2 27.9 42.1 39.1 44.4 35.2 
Lomond Road, Nfld. 18.1 8.2 29.4 13.2 33.3 28.9 
Sandy Brook, Nfld. 100.0 44.4 50.0 34.5 46.1 25.8 





that the development of this decay in a stand is cyclical. The most rapidly 
growing trees are infected first, their growth is reduced, and finally they drop 
out of the stand. Meanwhile, new infections are occurring in the remaining 
trees, and the process is repeated. This cyclic pattern was expressed both 
in the percentage of trees infected and in the percentage of cull. Boyce and 
Wagg presumed that the volume lost through conk rot should follow a similar, 
but not necessarily identical, pattern as the number of decayed trees. 

The linear relationships used in the present study would not indicate 
when such a dropping out occurs as they indicate average trends during the 
period considered. Table VII shows that on the average the percentage of 
both butt cull and trunk cull is smaller in the 81- to 100-year age class than 
in the classes above and below. Jacquet River, N.B., was the only area 
showing an increase in the percentage of butt cull with increasing age and, 
as may be seen in Table VIII, it was the only area not showing a decrease in 
the average percentage of butt cull in the 81- to 100-year age class. It is 
felt that such differences in the relationship between age and the percentage 
of cull in decayed trees can best be explained by differences in stand history. 
It is conceivable that the dropping out of decayed trees could occur at dif- 
ferent times and rates in different localities and that certain disturbances, 
such as winds, which would tend to influence this dropping out would vary 
between locations. Boyce and Wagg also found that the time at which 


TABLE VII 
THE AVERAGE PERCENTAGES OF BUTT AND TRUNK CULL IN TREES INFECTED WITH 
THESE TYPES OF DECAY BY AGE CLASSES 





Average % Average % 

Age class of butt cull of trunk cull 
61-80 16.3 36.7 
81-100 13.5 35.1 
101-120 16.3 36.8 
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TABLE VIII 


THE PERCENTAGES OF BUTT CULL IN TREES INFECTED WITH BUTT DECAY BY 
LOCALITY AND AGE CLASS 





Age class 





Locality 61-80 81-100 101-120 
Green River, N.B. 13.6 12.8 .2 
Jacquet River, N.B. 15.4 16.4 16.9 
Popple Depot, N.B. 32.4 18.6 1 | 
Central Nova Scotia Le ee 10.0 11.2 
Crowdis Mt., N.S. 14.9 14.1 20.3 
Lomond Road, Nfld. 13.0 11.4 20.8 
Sandy Brook, Nfld. 13.8 13.0 12.9 





Douglas fir infected with conk rot dropped out of the stand varied with site. 
In view of the results obtained, it is apparent that studies on stand histories 
would add much to a complete understanding of decay relationships. 

The statistical analyses have shown that differences in the amount of cull 
between localities can be caused by differences in the number of trees infected 
with either trunk or butt decay and in the amount of butt decay in infected 
trees. Areas that differ with respect to these characters have been determined, 
and it is hoped that this information will assist in determining the factors 
responsible for the differences. 

Differences in the amount of infection by trunk-decaying fungi could be 
the result of differences in the fungi involved and, since wood-decaying fungi 
are characteristically disseminated by spores, in those factors associated with 
spore production, spore germination, and infection. 

Identification of fungi isolated from trunk decays in all areas showed that 
Stereum sanguinolentum Alb. & Schw. ex Fries may be considered the only 
important cause of trunk decay. It was obtained in 93% of the identifiable 
cultures made from trunk decays. Variation due to differences in the be- 
havior of individual fungi is therefore not a factor requiring additional study, 
unless, of course, there prove to be races of S. sanguinolentum capable of 
infecting under different conditions. 

Fruiting bodies of Stereum sanguinolentum are rarely observed on living 
trees, but according to McCallum (8) they appear in profusion on dead wood. 
In the Lomond Road area, which had the smallest number of trunk infections, 
a study of windthrown balsam fir (4) showed that 3 to 4 years following 
blowdown 30% of the trees examined possessed fruiting bodies of S. sanguino- 
lentum. Conditions in that area, therefore, appear to be suitable for the 
production of fruiting bodies. 

Very little is known of the conditions required for spore germination and 
subsequent infection by this fungus or whether these conditions vary from 
locality to locality. Among other things, however, successful infection 
depends on the presence of suitable infection courts. McCallum (8) found 
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that in balsam fir 90% of the infections by Stereum sanguinolentum had 
occurred through branch stubs, while Spaulding and Hansbrough (11) re- 
ported that in 79% of such infections in the same tree species the fungus had 
entered through abnormally large dead branches and branch stubs in the 
crown. In eastern white pine, Spaulding, MacAloney, and Cline (12) found 
that infections by this fungus occurred through the cut surface of large 
branches. It would appear, therefore, that large branches and branch stubs 
are a favored infection court for S. sanguinolentum. Although a careful study 
of the infection courts was not made during the present investigations, many 
of the infections of the fungus centered around branch bases. Should the 
differences in the amount of trunk infection be due to differences in the number 
of large branches produced by the trees in the various localities, it is to be 
expected that there would be a relationship between tree size and the amount 
of infection, since larger trees would produce larger branches. Table IX 
indicates that the size of the tree does have some relationship to the amount 
of infection. A comparison between the first two columns in the table will 
show that in all areas the average size of the trees having trunk decay was 
larger than the average size of all trees examined, which would mean that 
the sound trees would be smaller still. A comparison of the percentages of 
trees with trunk decay with the average size of the decayed trees by locality 
shows that with certain exceptions, notably the Sandy Brook Area, the larger 
trees have more infections. With the exception of Sandy Brook, Lomond 
Road, and central Nova Scotia, the two areas showing the largest difference in 
the number of trunk infections also showed the largest difference in tree sizes. 
Etheridge (5) has shown recently that Stereum sanguinolentum occurs more 
frequently in subalpine spruce on moist sites than on dry sites and that the 
moist sites produce the larger trees. From the present study, it is of interest 
to note that in the Sandy Brook area the average size of the trees decreased 
with increasing age as did also the percentage of infection. It is felt, there- 
fore, that a critical study of the nature of the infection courts may disclose 
reasons for differences in the amount of trunk infection. 


TABLE IX 


THE AVERAGE GROSS MERCHANTABLE VOLUME (V) OF ALL TREES EXAMINED AND OF 
TREES INFECTED WITH TRUNK DECAY AND THE PERCENTAGE OF TREES 
WITH TRUNK DECAY BY LOCALITIES 


V,.cu. i. V, cu. ft. Av. % of trees 
Locality (all trees) (decayed trees) with trunk rot 


Sandy Brook, Nfld. 6.4 11.6 30.8 
Central Nova Scotia 7.9 it:.2 43.7 
Green River, N.B. 8.8 10.2 38.8 
Crowdis Mt., N.S. 4.6 7.9 So.2 
Jacquet River, N.B. 5.0 6.9 32.7 
Popple Depot, N.B. 4.5 6.7 34.2 
Lomond Road, Nfld. 2.8 3.5 12.0 





| 
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TABLE X 


THE FUNGI ISOLATED FROM BUTT DECAYS AND THE NUMBER OF TIMES EACH WAS 
ISOLATED FROM EACH LOCALITY 








Green Popple Jacquet Central Crowdis Lomond Sandy 
w.S. } 





Fungus River Depot’ River Road Brook Total 
Armillaria mellea (Vahl ex Fries) Quél. 18 13 5 4 15 F —_ 57 
Coniophora puteana (Schum. ex Fries) 

Karst. 12 8 27 15 49 26 15 152 
Corticium galactinum (Fries) Burt 86 52 42 7 16 7 1 211 
Merulius himantioides Fries 4 3 1 2 5 1 — 16 
Odontia bicolor (Alb. & Schw. ex Fries) 

Bres. 5 13 30 6 5 1 —_ 70 
Omphalia campanella Fries 5 4 1 1 - — - 11 
Polyporus balsameus Peck 17 9 6 6 30 7 1 76 
Polyporus schweinitzii Fries — 1 1 1 8 1 _ 12 
Poria subacida (Peck) Sacc. 14 13 6 3 12 _- _— 48 
Stereum chailletti Pers. 2 1 5 1 1 2 1 13 
Stereum sanguinolentum Alb. & Schw. 

ex Fries 10 11 4 7 9 5 1 47 
Miscellaneous 2 6 10 - 1 — 1 2¢ 
Total identified 185 134 138 53 151 52 20 733 
Unidentified 296 170 162 129 292 215 143 1407 
Total cultured 481 304 300 182 443 267 163 2140 





As was the case in previous studies (1), here also a number of fungi were 
found associated with butt decay. Table X lists these fungi and shows that 
there were variations between localities in the frequency with which they 
were isolated. For instance, it will be noted that Corticium galactinum was 
the fungus isolated most frequently in the Green River, Popple Depot, and 
Jacquet River areas and Contophora puteana in the remaining four areas. 
In most areas Odontia bicolor was isolated more frequently than Portia subacida, 
but the reverse occurred at Crowdis Mt. However, only one-third of the 
attempted isolations were successful and it is therefore impossible to say 
definitely that there are differences in the relative importance of the fungi 
between areas. Among the fungi isolated differences would be expected in 
their requirements and capacity for infection and decay. Complete infor- 
mation on these differences is lacking but preliminary experiments on the 
decay of wood blocks conducted by the author in the laboratory indicate 
that the butt-decaying fungi do differ in their capacity to produce decay, 
as measured by loss in weight. An accurate survey of the fungi involved, 
therefore, is basic to any study involving comparisons between localities and 
suggests a definite need for a reliable method of determining the identity of 
these fungi to supplement the standard cultural methods. 

Studies have shown that the majority of the butt-rotting fungi gain entrance 
through the roots (2, 8). There are several methods by which this might 
take place. Kaufert (7) found, upon examining the root systems of a number 
of young trees, that almost every tree more than 30 years old had some small 
broken and dead roots, owing probably to frost heaving and strain caused by 
bending in wind storms. According to Kaufert, broken roots are probably 
the entrance points for the fungi, since several were found with incipient 
decay near the broken tips. White (15) examined 20 balsam fir seedlings 
and found that the roots and basal parts of all of them were badly damaged. 
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It was suggested that the infections may have occurred through root grafting 
with roots of infected trees, or through wounded roots. Gosselin (6), working 
with Polystictus circinatus (Fries) Cke., a white pocket butt rot of conifers, 
presented presumptive evidence that P. circinatus is established in the host 
through mycorrhizal association. Wagener and Davidson (14), however, 
reported that there is some inclination on the part of other workers to doubt 
this. Rhizomorphs of Armillaria mellea (Vahl ex Fries) Quél. may penetrate 
the unbroken bark (13). It will be necessary to determine more generally 
the methods of penetration and the sources of inoculum of the fungi involved 
for these would determine what factors might be responsible for differences 
in the amount of infection. 


Basham, Mook, and Davidson (1) have shown that there is a tendency 
for the butt- and root-rot fungi to vary in frequency of occurrence in various 
areas and suggest that the differences may be due to the effect of ‘“‘site’’ on 
these organisms. Basham et al. have shown also that stands classified as 
‘“‘mixedwood slopes’ had a higher occurrence of butt rot than did stands 
“‘softwood flats’. This is a limited classification but it does serve 
to show that site has an influence on the percentage of infection by butt- 
rotting fungi. As they have mentioned, not all stands would fit into such a 
classification. 


classed as 


According to Wagener and Davidson (14), the large amount of effort that 
has been devoted to observed correlations between decay incidence and site 
has not disclosed any clear-cut or widely applicable general relationships. 
They feel that the reason for this may be that attempts to establish the 
fundamental reasons for the observed relationships or to separate the in- 
fluence of environment from others that may have had a part in bringing 
about the decay status have been lacking in most of the investigations. 
However, they believe that when these fundamentals have been sufficiently 
explored they will provide a foundation that will permit a better appreciation 
of the effects of site. It is apparent then that future studies should be aimed 
at determining whether and how the various site factors affect the amount 
of infection. The influence exerted by these factors would be expected to 
vary with the fungi concerned. A fungus which enters trees principally 
by root grafting would not be affected as much by soil conditions as one 
which exists in the soil and enters through wounds. Infection by a fungus 
of the former type would probably be influenced to a great degree by stand 
density and composition which would increase the chances of root grafting. 

Once the fungus has gained entrance into the tree, the rate of decay will 
depend on the suitability of conditions within the host for the fungus involved. 
Wagener and Davidson (14) list a number of factors in the internal environ- 
ment of the host that may affect the rate of decay, but mention that there 
are many gaps in our information on the subject. 

Butt decay relationships accordingly are complex. An understanding of 
the causes of variations will be obtained only after a number of intensive 
studies have been made. These would include investigations to determine 
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the methods of infection of the fungi concerned, their relative importance é' 
and capacity to produce decay, the effect of environmental factors on the 

establishment of decay, and the part played by host conditions once the 

fungi have entered the tree. 


Acknowledgments 


The author wishes to express his gratitude to Dr. D. R. Redmond, Officer- 
in-Charge, Forest Pathology Unit, Fredericton, N.B., and Dr. D. L. Bailey, 
Botany Department, University of Toronto, Toronto, Ont., for their encour- 
agement and advice during the course of these studies. Members of several 
organizations have given valuable assistance during the course of the studies 
and in the preparation of the manuscript. The author acknowledges this 
assistance, especially that given by the Mycology Unit, Botany and Plant 
Pathology Division, and the Statistical Research and Service Unit, Depart- 
ment of Agriculture, Ottawa, and the several pulp and paper companies on 
whose limits the field studies were conducted. 


d 
References w 
1. BAsHaAM, J. T., Mook, P. V., and Davipson, A. G. New information concerning balsam t 
fir decays in eastern North America. Can. J. Botany, 31, 334-360 (1953). ft 

2. Boycr, J. S. Forest pathology. 2nd ed. McGraw-Hill Book Company, Inc., New 
York. 1948. a 
3. Boyce, J. S. and Wagg, J. W. B. Conk rot of old-growth Douglas-fir in western Oregon. O 


Oregon Forest Products Lab. Bull. 4. 1953. 

4. Davipson, A. G. and NEWELL, W. R. Pathological deterioration in windthrown balsam n 
fir in Newfoundland. Forestry Chronicle, 29, 100-107 (1953). 

5. ErnHeripGr, D. E. Decay in subalpine spruce on the Rocky Mountain Forest Reserve 


in Alberta. Can. J. Botany, 34, 805-816 (1956). ‘| 
6. GossELtIn, R. Studies on Polystictus circinatus and its relation to butt-rot of spruce. 
Farlowia, 1, 525-568 (1944). . 
7. Kaurert, F. Heart rot of balsam fir in the Lake States with special reference to forest c 
management. Minn. Agr. Expt. Sta. Tech. Bull. 110. 1935. 
8. McCatium, A. W. Decay in balsam fir (Abies balsamea, Mill.). Can. Dept. Agr. Bull. = 
104 n. s. 1928. il 
9. Morison, M. B. The forests of New Brunswick. Can. Dept. of Mines and Resources, ‘ 
Lands, Parks, and Forestry Branch, Forest Serv. Bull. 91. 1938 > 
10. SNepEcoR, G. W. Statistical methods. 4th ed. Iowa State College Press, Ames, Cc 


Iowa. 1948. 


11. SPAULDING, P. and HANsBrouGu, J. R. Decay in balsam fir in New England and New = 
York. U.S. Dept. Agr. Tech. Bull. 872. 1944. 
12. SpauLpInG, P., MacAtonery, H. J., and Cringe, A. C. Stereum sanguinolentum, a 
dangerous fungus in pruning wounds on northern white pine. U.S. Forest Serv. 
Northeast. Forest Expt. Sta. Tech. Note 19. 1935. 
13. Tuomas, H. E. Studies on Armillaria mellea (Vahl) Quél., infection, parasitism, and 
host resistance. J. Agr. Research, 48, 187-218 (1934). c 
14. WAGENER, W. W. and Davipson, R. W. Heart rots in living trees. Botan. Rev. 
20, 61-134 (1954). S 
15. Waite, L. T. Studies of Canadian Thelephoraceae. VIII. Corticium galactinum (Fr.) Y 


Burt. Can. J. Botany, 29, 279-296 (1951). 














875 


THE RELATIVE FREQUENCY OF THE DIFFERENT TYPES OF 
ANTICLINAL DIVISIONS IN CONIFER CAMBIUM! 


M. W. BANNAN 


Abstract 


The fusiform cambial cells of conifers undergo two types of anticlinal division, 
pseudotransverse division and division to produce small cells off the side. 
Pseudotransverse divisions are largely confined to the cambial initials, only a 
small percentage of such divisions occurring in the derived tissue mother cells. 
The incidence of pseudotransverse divisions outside the layer of initials tends 
to rise with the rate of growth. Divisions of the second type, to yield segments 
off the side, are infrequent and seem generally to involve only the fusiform 
initials. Behavior of the abscissed segments bears some relationship to size, 
the shortest segments usually failing, those of intermediate length tending to 
become reduced to one or more ray initials, and the largest developing as fusiform 
initials. 


Introduction 


Various aspects of radial growth in conifers, the consequence of periclinal 
divisions in the vascular cambium, have been extensively studied. Less 
well known are the anticlinal divisions in the cambium. These are of two 
types: (1) pseudotransverse division by means of which multiplication of 
fusiform cambial cells takes place (Bailey (1) and Klinken (15)), or new rays 
are formed (Bannan (4)); and (2) division off the side, which is another method 
of ray origin (Barghoorn (8)). Both types of division generally take place 
near the center of the dividing fusiform cambial cell (Bannan (3)). 

A feature of interest in cambial studies is the exact site of anticlinal division. 
The generative zone between xylem and phloem is multiseriate, consisting 
usually of a tier of initials and varying numbers of rows of derived tissue mother 
cells. The latter comprise a single tier of phloem mother cells on the outside 
of the initiating layer and one to several rows of xylem mother cells on the 
inside. All these cells undergo periclinal division and during periods of 
rapid growth the zone of division becomes several cells wide. However, only 
certain of the periclinally dividing cells are responsive to the stimuli inciting 
anticlinal division. The present paper presents data on this aspect. 


Relative Frequency of the Types of Anticlinal Division 


The usual technique employed in the study of anticlinal divisions in the 
cambium is to cut serial sections from the xylem and phloem and to deduce the 
sequence of events from the changes observed in the successive cells. Caution 
must be exercised, however, when using this method, since the record is some- 
times incomplete in either xylem or phloem. For instance, if the first periclinal 
division of sister initials recently formed by anticlinal division is toward the 
xylem, that tissue system might be expected to more correctly mirror the 
first stages in the history of change than would the phloem or vice versa. 
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Unfortunately complications are presented when interpretations are based 
on the xylem because of the often repeated periclinal division of the tissue 
mother cells on the xylemward side of the initiating layer, and also because 
of the elongation of the tracheid tips prior to maturation. Sometimes these 
bend and intrude between other cells to simulate in tangential sections small 
pieces cut off the side of cells. Consequently care must be taken when inter- 
preting the cell sequences in the xylem or phloem alone. In the present 
investigations most of the observations were based on the xylem, partly to 
obtain information on alterations arising among the xylem mother cells. In 
some cases serial tangential sections were also cut from the phloem to serve 
as a check. 


TABLE I 


RELATIVE FREQUENCY OF ANTICLINAL DIVISIONS IN VASCULAR CAMBIUM 











Pseudo- 
Pseudo- trans. 

trans. division Division 

Distance Ring division of of xylem to give 
No. of | from pith, width, fusiform mother cell 

Species trees cm. mm. initials cells otf side 
Thuja occidentalis 55 12-20 0.1-1.0 1757 7 39 
Thuja occidentalis 35 12-20 1.1-3.0 2499 19 55 
Thuja occidentalis 13 12-20 3.1-5.8 601 7 9 
Thuja plicata 2 50 0.9-2.0 81 1 4 
Chamaecyparis nootkatensis 1 30 0.14 110 0 9 
Cupressus arizonica 1 30 _ 50 0 0 
Heyderia decurrens 1 75 -— 38 0 1 
Sequoia gigantea 1 230 ont 59 0 2 
Sequoia sempervirens 3 75-90 0.3-0.8 119 1 2 
Abies concolor 1 45 0 41 0 0 
Cedrus deodara 2 2-18 0.7-10.0 322 38 2 
Tsuga canadensis 1 14 1.9 45 1 0 
Pseudotsuga taxifolia 2 20-107 0.8-3.7 140 11 6 
Picea glauca 4 4-12 0.2-0.7 328 7 2 
Total 6190 92 131 





Data on the relative frequency of the different types of anticlinal division 
are given in Table I. It is apparent that most divisions are of the pseudo- 
transverse type. It is also clear that nearly all of these take place in cells 
which are classifiable as functioning initials. In the more than 6000 histories 
studied 98% of the pseudotransverse divisions were in cambial initials as 
evidenced by the indefinite continuation of the by-products in the subsequently 
produced tissues, and the further fact that checks on xylem and phloem 
revealed the divisions to be recorded in both tissue systems. 

In the several species studied fewer than 2% of the pseudotransverse 
divisions were ‘‘temporary’’, the partition appearing in a variable number of 
successive cells, then disappearing (Fig. 1). Rarely the products of division 
were seen in the phloem without counterpart in the xylem, in which case the 
partition occurred in two successive cells. Here there was obviously a 
pseudotransverse division of a phloem mother cell. More often the pseudo- 
transverse division was recorded in the xylem but not in the phloem. In 
such cases the pseudotransverse division took place in cambial cells which 
on the basis of behavior would be considered xylem mother cells. Duration 
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Fic. 1. Drawings from serial tangential sections of the xylem of Cedrus deodara showing 
temporary doubling in a radial file of tracheids due evidently toa pseudotransverse division 
of a xylem mother cell rather than the initial. The overlap is greatest in the median cells 
of the series. 
Fic. 2. Drawings from serial tangential sections of the xylem (a-f), the cambium (g), 
and the phloem (h-j) of Thuja occidentalis showing sequence of cell changes. A pseudo- 


transverse division of a xylem mother cell () is followed in the cell sequence by a division 
off the side and a pseudotransverse division of the cambial initial (c and 2). 
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of these locally doubled files of elements in the xylem ranged from 2 to more 
than 20 cells in Thuja occidentalis and to 30-odd cells in a fast-growing tree 
of Cedrus deodara. in Thuja 60% of the doubled files had their inception 
in the first quarter of the annual ring and 25% in the last quarter. Radial 
extent of the series in early wood was 2-24 cells with a mean of 8, and in late 
wood was 2-4 cells. Since many of the series in early wood began near the 
ring boundary it is probable that the pseudotransverse division actually took 
place at the conclusion of growth in the preceding year. 

Different trends were noted in the length of successive cells in the locally 
doubled files of elements in the xylem. Sometimes the successive cells were 
of approximately similar length with the amount of overlap between the two 
sister series remaining more or less constant. In a few cases there was a 
tendency for the length to increase in the cambiumward elements. More 
often the central cells in the local series were the longest. Fig. 1 shows how 
the extent of overlap of the cells of the newly formed sister series was similar at 
the beginning (Fig. 1, b) and at the end (Fig. 1, g), but was significantly greater 
in the median cells (Fig. 1, d and e). In one series the converse situation 
occurred, the median cells in the local series being shorter rather than longer. 
In this particular instance there was a marked reduction in length and width 
in the centrally located cells of one of the two sister series, indicating incipient 
failure of the xylem mother cell involved. In these cases, where the first and 
last cells in the local series are of similar size and aspect and the centrally 
located cells are appreciably longer or shorter, it would be concluded that the 
pithward and cambiumward cells in the series arose in the first periclinal 
divisions of the originating xylem mother cell, and the median cells were the 
products of the last periclinal division. 

The radial duration of local series in the xylem is a measure of the extent 
of redivision of the xylem mother cells involved. The varied trends of change 
within the local series indicate dissimilarities in the sequence of periclinal 
division. In some instances, as described above, it would appear that 
periclinal divisions tended to become most frequent in the central part of the 
expanding family of cells with the fringe elements losing their capacity for 
division. In other cases the xylem mother cells behaved more like an initial, 
producing a succession of xylemward derivatives which in turn underwent 
only limited redivision. 

Another demonstration of the redivision of xylem mother cells is found in 
the tissue associated with vertical resin ducts of the Pinaceae. These ducts 
apparently originate among the periclinally dividing xylem mother cells. 
This is indicated by the fact that some of the cross walls in the septate tracheids 
ensheathing the ducts in such genera as Picea and Pseudotsuga are at the same 
level in successive elements, whereas other septa lie at different levels. 
Evidently the first stages in segmentation are coincidental with the earliest 
periclinal divisions of the originating xylem mother cells. 

Divisions off the side of cambial cells (Fig. 2, c) made up slightly more than 
2% of the anticlinal divisions noted in the conifers studied. 
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sometimes erratic in distribution. For instance, in one specimen of Thuja 
occidentalis a study of random anticlinal divisions in several series of sections 
showed divisions off the side to comprise 9% of the total number of anticlinal 
divisions. However, a spot check of a local area in the growth of 1 year 
revealed a much higher frequency of divisions off the side, these making 
up 29° of all anticlinal divisions. Examination of serial sections cut from 
the entire cambial zone showed divisions off the side to be registered in both 
xylem and phloem, indicating that division of cambial initials was involved. 

Some interesting relationships between length of partition in anticlinal 
division, type of division, and subsequent behavior of the derived cells were 
noted in Thuja occidentalis. In pseudotransverse division the partition 
ranges from short and almost strictly transverse to one-half the length of the 
cell. Similarly in divisions off the side the length of the smaller segment varies 
greatly. However, on the average the partition is longer in the latter type of 
division. For instance, in Thuja occidentalis the dividing wall in pseudo- 
transverse division was, on the average, 16% of the length of the original cell 
as determined from the xylem. After correction for tip elongation during 
differentiation this is reduced to 13%. In divisions off the side, on the other 
hand, the smaller segments averaged 24% of the length of the mother cell. 
It is of interest to note that in 74% of divisions off the side the smaller segments 
failed after a few periclinal divisions, and that their mean length was 23% 
of that of the original cambial initial. In 21% of divisions off the side the 
smaller segment continued but underwent reduction to one or more ray initials, 
and in this group the mean length was 33% of the length of the original fusiform 


“% of divisions off the side the abscissed segment 


initial. In the remaining 5 
survived to become a functioning fusiform initial, mean length of these cells 
being 43°% of that of the original cambial cell. Although much individual 
variation occurs, there seems to be a general relationship between length of 
the abscissed segments and behavior, the longer the newly formed cell the 
greater the chance of survival as a functioning initial, either as a ray initial 
in the case of segments of intermediate length or as a fusiform initial in 
the case of the longest cells. 

Occasionally anticlinal divisions take place more or less simultaneously 
in both a fusiform initial and a derived tissue mother cell. Such an occurrence 
is illustrated in Fig. 2. The series of diagrams in the figure show the sequence 
of cell changes as recorded in the xylem (Fig. 2, a—-/) and phloem (Fig. 2, 7-h). 
Final aspect, found in the cambial area, is shown in Fig. 2, g. Here there was 
first recorded a pseudotransverse division on the xylem side (Fig. 2, 6) without 
counterpart in the phloem. The division evidently took place in a xylem 
mother cell. This was followed, in the cell sequence, by a division off the side 
and another pseudotransverse division, the latter at a slightly different 
level from that registered earlier. Since these divisions were reproduced 
in both xylem (Fig. 2, ¢) and phloem (Fig. 2, 7) it is clear that the divisions 
occurred in a fusiform initial. The short segment cut off the side was soon 
reduced to a ray initial (R, Fig. 2, e) and the two surviving sister fusiform 
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initials elongated by tip growth to increase the overlap (Fig. 2, f,g,h). 
Meanwhile the lower sister fusiform initial underwent two successive pseudo- 
transverse divisions (Fig. 2, e) and the lowermost cells failed (Fig. 2, f). 


Width of the Vascular Cambium and Site of Anticlinal Division 


Sanio’s interpretation (27) of the generative zone between xylem and 
phloem as consisting of a uniseriate layer of initials giving rise to tissue mother 
cells on either side which divide again has been accepted by most students 
of developmental anatomy. There has, however, been some controversy 
on the extent of redivision of the tissue mother cells. Sanio suggested that 
the xylem mother cells divided once or occasionally twice before maturation. 
Later workers (9, 21, 28) pointed out that the xylem mother cells had greater 
capacity for periclinal division. Raatz (24), disagreeing with Sanio’s inter- 
pretation of the cambium, argued that cambial cells redivided several times, 
sometimes to the sixth time, producing more than twenty derivatives. The 
author (5) also concluded that tissue mother cells may divide several times. 
Recently Newman (22) deduced from cell configurations in the winter growth 
of Pinus radiata in Victoria, Australia, that xylem mother cells divided only 
twice yielding cells in groups of four. 

Numerous workers (10, 11, 12, 13, 14, 16, 17, 18, 21, 24, 25, 28, and 30) 
have found the generative zone between wood and bast to be multiseriate. As 
regards terminology some investigators have used the term cambium with 
reference to the layer of initials only, while others, including the author, have 
applied the term to the entire zone of periclinal division. The width of the 
cambium, using the term in the general sense, varies with the sampling, time 
of year, and rate of growth. Studies of the distribution of phragmoplasts 
as observed in radial sections have shown that the width in medium to fast- 
growing trees of Thuja occidentalis in the Toronto area during the vernal surge 
of activity is usually 100-150 yw (10-15 cells) or occasionally to 300 uw (Fig. 3). 
It is of interest to note that at this time of year the frequency of periclinal 
division is highest near the center of the broad generative zone, among the 
xylem mother cells, rather than in the initiating layer (see Fig. 16, Bannan (5)). 
The plotted curve is definitely not bimodal as would be the case if there were 
divisions only to the second order with a delay between as postulated by 
Newman (22). 

The contention of Raatz (24) that cambial cells may redivide to produce 
several xylem-destined cells is supported by evidence from various sources. 
Raatz himself pointed out that the cell groupings observed in transverse 
sections indicate that some cells have divided several times. As mentioned 
earlier, the existence of zones of periclinal division up to 30 cells wide with 
maximum frequency of division in the central part of the zone is demonstration 
of extensive redivision of certain of the xylem mother cells. The examination 
of radial sections of the xylem often reveals groupings of cell tips which may be 
interpreted as evidence that the cells in each group were derived from one 
xylem mother cell. For instance, it would be concluded from Fig. 4 that each 
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Fic. 3. Graph showing relation between annual xylem increment and width of the 
cambium in Thuja occidentalis as revealed by the distribution of phragmoplasts in radial 
longitudinal sections of stems 7-12 in. in diameter. The samplings were taken during the 
period of fastest growth, May 18 to June 7. 

Fic. 4. Radial section of xylem in stem of Cedrus deodara showing configuration of 
tracheid tips. Each group of four to eight cells is probably the product of division of 
a single xylem mother cell. 
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group of four to eight tracheids was the product of a single xylem mother cell. 
This would require division to at least the third order in the larger groups. 
The development of locally doubled files of elements of considerable radial 
extent in the xylem only, due apparently to the pseudotransverse division of a 
xylem mother cell rather than the initial, is corroborative evidence of the 
capacity of xylem mother cells for repeated division. The extent of redivision 
varies, of course, with the time of year. Toward the end of the growing season 
the growth rate slackens, the cambium narrows, and the amount of redivision of 
the xylem mother cells diminishes. The dwindling cambial activity is reflected 
in the reduced number of cells produced by transversely divided xylem mother 
cells. Mean duration of temporary series in the xylem of Thuja occidentalis 
was eight cells in early wood and only three cells in late wood. 

An intriguing feature of the cambium is the almost complete restriction of 
anticlinal divisions to the layer of initials. In conifers studied less than 2% 
of the anticlinal divisions in the cambium took place outside the initiating laver. 
As a rule the anticlinal divisions occur toward the end of the growing season 
when the width of the zone of periclinal division is minimal, but even at this 
time the cambium is usually at least two or three cells wide. Exceptions to 
the general aestival incidence of anticlinal divisions are not infrequent. 
Sometimes, particularly in fast-growing trees, anticlinal divisions occur 
throughout the growing season. Under conditions of rapid growth the pro- 
portion of anticlinal divisions outside the initiating layer increases. For 
instance, in Thuja occidentalis the proportion of such divisions was 0.3°; 
of all anticlinal divisions in trees with annual rings under 1 mm. wide, 0.80 
in trees with rings 1-3 mm. wide, and 1.2°% in trees with rings exceeding 3 mm. 
The most frequent occurrence of pseudotransverse divisions in xylem mother 
cells was noted in a specimen of Cedrus deodara with annual rings up to 1 cm. 
wide where the proportion ranged up to 20%% of all anticlinal divisions. — It is 
noteworthy, however, that even under conditions of rapid growth the 
proportion of extra-initial anticlinal divisions is relatively low. Despite the 
fact that several cells in each radial file of elements may be undergoing peri- 
clinal division there is usually only one cell, namely that which is functioning 
as an initial, which is responsive to the stimuli inciting anticlinal division. 


Discussion 

Anticlinal divisions to produce segments off the side of fusiform initials 
are uncommon in conifers, making up only about 2% of all anticlinal divisions 
inthecambitum. These divisions do, however, afford an interesting illustration 
of relationship between cell size and behavior. When the segments are short 
they tend to fail after a few periclinal divisions. The segments of intermediate 
length more often continue and undergo reduction to one or more ray initials. 
The longest segments, by way of contrast, are most likely to continue as 
functioning fusiform initials. In a previous paper (7) it was pointed out 
that after pseudotransverse division in the cambium of conifers, the longest 
of the newly-formed fusiform initials are most apt to continue and the shortest 
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to fail. Segments cut off the side of fusiform initials afford another example 
of this relationship. It would seem that the polar characteristics which are 
peculiar to fusiform initials are in some manner related to cell length. 
Apparently the intracellular segregation of substances involved in cell 
elongation, which in conifers is by means of tip growth, is achieved only in 
the longer cells. 

Another intriguing aspect of cambial behavior is the almost complete 
restriction of anticlinal divisions to the fusiform initials. Although the 
zone of periclinal division is at the minimum two to three cells wide, and during 
periods of active growth expands to several cells, only a very small proportion 
of anticlinal divisions take place beyond the single cell in each radial file of 
elements which is functioning as the initial. Despite the fact that the effects 
of factors such as pressure which influence the frequency of anticlinal division 
in the cambium (6, 29) must be felt throughout the entire zone of growth, 
it is usually only the fusiform initials that are responsive. A noteworthy 
feature in this connection is the fact that the location of the functioning 
initials occasionally deviates from the usual approximate tangential alignment 
and the sequence of periclinal divisions to produce cells toward xylem or phloem 
differs in neighboring radial rows. It would appear that the reactivity of 
initials to the stimuli associated with anticlinal division is related to site in 
relation to the special circumstances that prevail along each radial file of ele- 
ments. The existence of gradients of various sorts from phloem to xylem 
has been noted. Pearsall and Priestley (23), Bailey (2), and others have 
found that during the growing season the phloem is generally alkaline and the 
differentiating xvlem acid. Lund (19, 20) has described radial electric 


polarities from ‘‘cortex’’ to wood, and Rosene and Lund (26) have commented 


on the effects of e.m.f. on biochemical systems and protoplasmic behavior. 
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STUDIES OF WESTERN TREE RUSTS 
Ill. MILESIA LAEVIUSCULA, A NEEDLE RUST OF GRAND FIR! 
W. G. ZILLER? 


Abstract 


From observations in the field and the results of inoculation experiments it 
has been discovered that Milesia laeviuscula (Diet. & Holw.) Faull causes a 
needle rust on the current year’s needles of grand fir (Abies grandis (Dougl.) 
Lindl.). The rust has been induced repeatedly to fruit on both alternate hosts, 
licorice fern (Polypodium vulgare L. var. occidentale Hook.) and grand fir, by 
inoculation, and its pycnial and aecial states are described for the first time. 
The life history of Milesia laeviuscula is presented. It is noteworthy because of 
the long period (4 to 5 months) required for maturation of the aecia, because 
primary infection of the fern takes place largely during late fall and early winter, 
and because the rust can survive on its fern host independent of its alternate host, 
grand fir. 


Introduction 


In spite of the excellent work on the biology and taxonomy of Mzilesia 
and Uredinopsis by Faull (3 and 4), Hunter (6 and 7), and others, the life 
histories of most white-spored rusts of fern and true fir (4 bies spp.) in Western 
North America are still unknown. Similarity of the Peridermia of most 
species on the needles of fir makes identification of specimens difficult and 
usually impossible. It may be anticipated that the white-spored rusts 
occurring in Western North America can complete their full life cycles on 
fir, but host alternation is not always obligatory: it may be assumed that 
several species can maintain themselves in the uredinial state on their fern 
hosts, independent of their alternate hosts, the firs. Additional knowledge 
of the aecial morphology and life histories of the unconnected fern rusts 
would obviously contribute to a better understanding of the group. 

The most thorough and complete account of our present knowledge of 
Milesia laeviuscula is found in Faull’s monograph (3). He reported that the 
uredinial and telial states occurred not only on licorice fern (Polypodium 
vulgare L. var. occidentale Hook.) but also on California polypody (P. vulgare 
L. var. kaulfussii (D. C. Eaton) Fern.), and that the pycnial and aecial 
states had not yet been observed. The discovery in the field of an obvious 
association of Milesia laeviuscula on licorice fern with a needle rust on grand 
fir encouraged an investigation into the life history of the licorice fern rust. 


Field Observations 


Under a dense canopy of old Douglas fir (Pseudotsuga menziesii (Mirb.) 
Franco) and grand fir at Cordova Bay, near Victoria, British Columbia, an 
isolated group of a few 10-year-old grand fir was noted to be heavily rusted 
with a white needle rust on the current year’s growth in November, 1951. 

‘Manuscript received June 19, 1957. 

Contribution No. 409 from the Forest Biology Division, Science Service, Department of 
Agriculture, Ottawa, Canada. Based on part of a thesis submitted in April, 1955, to the 
Department of Botany, University of Toronto, in conformity with the requirements for the 


degree of Doctor of Philosophy. 
2Forest Biology Laboratory, Victoria, B.C. 
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Close inspection revealed a clump of licorice fern growing directly at the roots 
and beneath one of the trees, the branches of which almost concealed the 
fern. No other ferns except a few plants of sword fern (Polystichum munitum 
(IXaulf.) Presl.) were seen in the vicinity, and these grew at least 30 ft. distant 
from the rusted grand fir. It was decided to use some of the rusted fir needles 
as aecial inoculum for artificial inoculations (Expts. A and D, next section). 
The aecia remaining on the tree after the inoculum was removed continued 
shedding their spores until about March, after which the infected needles 
slowly died. The licorice fern beneath the rusted young tree bore uredinia of 
Milesia laeviuscula by the middle of February. These uredinial infections 
increased in number until June, when the fronds dried up. A few new fronds 
appeared in May and these remained free of rust as long as they lived. 

At another location, Mt. Douglas Park near Victoria, similar observations 
were made. Uredinia were first noted on licorice fern during the latter part 
of February. In June, by the time the old fronds were beginning to dry up, 
nearly every plant was heavily infected with MZ. laeviuscula. The crop of 
new fronds'which appeared in May became slightly infected also, apparently 
from urediniospores of the old fronds. Search for the aecia on grand fir, 
most of which was 30 to 50 vears old, was unsuccessful at Mt. Douglas Park. 

A collection of M. laeviuscula on licorice fern made near Gillatt Arm, Queen 
Charlotte Islands, in July, 1952, deserves special attention. Since fir is not 
known to occur on the Queen Charlotte Islands, the rust seems to survive 
there on the fern in the absence of the fir. [It must be considered as highly 
improbable that annual infection of the fern by wind-borne aeciospores 
from the mainland takes place. MW. laeviuscula apparently can survive on 
the fern in the uredinial state without having to produce pyecnia and aecia 
on an alternate host. 

During 1952, observations at the Cordova Bay location showed once more 
that aecia make their first appearance early in September and begin shedding 
spores at the end of September. Uredinia were first noticed early in March, 
which confirmed observations made on the same plants a year earlier. 

Licorice fern does not seem to be very successful in its competition for light 
and water during the summer. The small number of fronds produced in 
spring are usually overshadowed by other ground vegetation, or they may 
dry out completely on well drained sites after a dry summer. Not until late 
fall, after the end of the growing season for most flowering plants and after 
the first heavy rains, do rhizomes produce their most vigorous aerial growth 
of the year. This fall growth produces the fronds which become infected 
most heavily during late fall and winter. 


Inoculations 

Experiment A 
On December 12, 1951, aeciospores from grand fir at Cordova Bay were 
sown on fronds of licorice fern and sword fern in the greenhouse. One hundred 
days later, the licorice fern became amply infected with sporulating uredinia 
of AV. laeviuscula, while the sword fern remained free of rust. 
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Experiment B 

To determine whether the rust may spread from overwintered fall growth 
to new spring growth of licorice fern under field conditions, urediniospores 
on an overwintered but green frond of licorice fern from Mt. Douglas Park 
were sown, on May 11, 1952, on two fronds of licorice fern at Cordova Bay. 
One of the two fronds was about 5 to 7 months old and the other about 2 
weeks old. Thirty-five days later, the young frond became slightly infected; 
the old frond remained free of rust. 


Experiment C 

On August 6, 1952, fronds of licorice fern bearing telia of M. laeviuscula 
were used to inoculate one seedling of grand fir in the greenhouse. The 
fronds bearing telia were tagged in the field in the preceding spring, while 
they were still green and bore uredinia. The infections which resulted from 
inoculation of the grand fir seedling were sparse (three needles infected with 
pycnia and aecia). They were overlooked when they first appeared, and the 
time which elapsed between inoculation and appearance of pycnia and aecia 
is not known. The aecia were still shedding spores when they were finally 
harvested in December. 


Experiment D 

On December 9, 1952, aeciospores from the same fir tree from which the 
inoculum for Expt. A was obtained were sown on four potted plants of 
licorice fern at the laboratory in Victoria. They were incubated in plastic 
bags in the usual manner (12) but were kept in the dark, each at a different 
and constant temperature: 1 at 4° C., 1 at 14° C., 1 at 24° C., and 1 at 30° C 
After an incubation period of 3 days under the above conditions, the plants 


were transferred to the greenhouse. Sixty-nine days later, the plants 
incubated at 14°C. and 24° C. bore mature uredinia. The two plants in- 
cubated at 4° C. and 30° C. as well as the four controls remained free of rust. 


Experiment E 

On May 30, 1955, overwintered and partly green fronds of licorice fern 
bearing germinating telia of M/. laeviuscula were used to inoculate one seedling 
of grand fir in the greenhouse. By June 19, or 20 days later, pycnia with 
drops of pycnial fluid (Figs. 2, 4, and 5) had developed on 20 of the young 
needles. On June 26 the pycnial fluid of 8 of the 20 infected needles was 
mixed. The mixture was done by touching each pycnial droplet in turn with 
the tip of a toothpick. By October 23, 146 days after inoculation, aecia 
(Fig. 1) had been produced on the eight needles treated in the above manner. 
No aecia developed on the rest of the 20 infected needles. 

The aecia did not rupture and shed their spores as they normally do in the 
field, probably because the foliage of all inoculated plants was kept dry after 
inoculation. Exudation of pycnial fluid continued throughout the experiment 
as long as the infected needles remained alive, even on the needles which 
already bore the aecia. On October 31, two needles with aecia were taken 
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from the inoculated grand fir seedling and used as inoculum for Expt. F. 
On March 12, 1956, the remainder of the infected needles was harvested. 
This last harvest contained a number of dead needles bearing only pycnia and 
one living needle bearing both pycnia and aecia. 


Experiment F 

On October 31, 1955, aeciospores from the two rust-infected needles obtained 
by inoculation in Expt. E were sown on a frond of licorice fern in the green- 
house. On February 22, 114 days later, the licorice fern became infected 
with six uredinia of M. laeviuscula. 


Two experiments, similar to Expt. C in all respects except for the dates 
at which they were carried out (June 6 and 26, 1952), produced entirely 
negative results. These results as well as the sparse positive result of Expt. C 
may be attributed to the following: The seedlings of grand fir were kept 
in the greenhouse during the winter of 1951-1952 and had for that reason put 
out their new growth approximately 1 month earlier than grand fir in the 
field. When some of these seedlings were inoculated in June, their needles 
were apparently too old to be susceptible to rust infection. Furthermore, the 
temperature during inoculation might have been too high for germination 
of the basidiospores. The seedling inoculated in Expt. C, however, was 
developing a second crop of new needles a few weeks before inoculation; 
the positive result in Expt. C suggests that only new and succulent needles 
can become infected. 

Inoculation was carried out in an unheated greenhouse or in the field ac- 
cording to the methods outlined in a previous publication (12) except in 
Expt. E: the telial inoculum for the latter experiment was kept in a moist 
chamber for 4 days before inoculation. At the end of the 4 days, on May 30, 
1955, the telia-bearing areas of the fronds were covered with basidia and 
basidiospores from germinated telia. Controls for all experiments remained 
free of rust. Wire screens kept most insects out of the greenhouse. 

All photographs were taken of material obtained by inoculation in Expt. E. 
A Reichert photomicrographic camera ‘‘Kam VBX” mounted on a ‘“‘Zetopan”’ 
microscope with green light filter and phase contrast illumination was used 
to obtain Figs. 6, 7, 8, and 9. Data of the inoculations are summarized in 
Table I. 


Taxonomy 


The validity of the generic names Milesina P. Magnus and Milesia F. B. 
White has been debated by many authors, among them Magnus (10, p. 325), 
Faull (3, pp. 5-11), Hiratsuka (5, pp. 10-12), and Shaw (11). Recently, 
Cummins and Stevenson (2, p. 130) stated: ‘In considering the problem of 
Milesia vs. Milesina it has been decided that the former more nearly conforms 
to the spirit of the present code’. With some reluctance the author decided 
to follow Cummins and Stevenson’s interpretation of the International Rules. 

Faull recognizes subdivisions of the species Milesia laeviuscula into the forms 
f. ‘‘typica”’ Faull (= f. laeviuscula) and f. glycyrrhiza Faull occurring on 
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Polypodium vulgare var. kaulfussii and P. vulgare var. occidentale, respectively. 
He distinguishes the two forms from each other by “‘a slight, though perhaps 
not constant difference” in the thickness of the urediniospore walls (3, p. 99), 
but he did not make cross inoculations to test physiological differences between 
the two rust forms that he erected. The author believes that in the present 
state of our knowledge a subdivision of the species is not justified. 

In North America, the species of Peridermium having colorless (white) 
spores and occurring on the current year’s needles of fir have been included 
under the binomial P. balsameum Peck (1, p. 402). However, Hunter’s 
(7, pp. 133-135) studies revealed that P. balsameum Peck is based on a mixture 
of species of Uredinopsis and Milesia with aecia and pycnia on the current 
year’s needles of Abies balsamea (L.) Mill. It is possible that the pycnia and 
aecia of Milesia laeviuscula have been encountered previously, but as far 
as the author is aware these states have never been described. 

A description of the pycnia and aecia of M. laeviuscula is here presented 
for the first time: 


MILESIA LAEVIUSCULA (Diet. & Holw.) Faull, Arnold Arboretum Contrib. 2, 
95 (1932). 

Uredo laeviuscula Diet. & Holw. in Diet., Erythea, 2, 127 (1894). II, III. 

Thekospora laeviuscula Diet., Annal. Mycol. 1, 416 (1903). 

Hyalopsora laeviuscula (Diet. & Holw.) Arth., North Am. FI. 7, 113 (1907). 

Milesina laeviuscula (Diet.) Hirats. f., Mem. Tottori Agr. Coll. 4, 102-103 

(1936). 

Pyenia in foliis hic anni, hypophylla, numerosa, inter aecidiis sparsa, 
lutea, epidermide tecta, immersa, globosa, 150-230 uw lat. & 150-190 yw alt. 
Spermatia recta, cylindriforma, hyalina, 2.0-2.5 & 5.5-6.5 (7.5) mu. 

Aecidia in follis hic anni, hypophylla, biseriata, alba, cylindriforma, firma, 
0.3-0.5 mm. diam. X 2.5 mm. minusve alt. Peridium hyalinum, ab apice 
dehiscens, non laceratum, corium simplex cellularum. Cellulae  peridii 
subimbricatim positae, a rhombiformibus polygoniae, elongatae, 15-30 yu lat. 
xX 30-45 mw long. cellulis inferioribus superioribusque exclusis. Parietes 
laterales cellularum 3-6 yw crass.; parietes exteriores leves, 1.0-1.5 yw crass.; 
parietes interiores a verrucosis daedali et rugosi, non reticulati, 3-6 uw crass., 
verrucis vel rugis 1-5 uw minusve in diametrum minimum X 10 mu minusve 
long. X 2-4 walt. X 1.5-2.0 wacentro ad centrum verrucis elongatis rugisque 
exclusis. Aecidiosporae ab irregulariter subglobosis oblongatae, hyalinae, 
18-26 X 20-40 (44) w. Parietes sporarum hyalini, raro macula levi parva, 
verrucosi, aequaliter 0.5 gw crass. verrucis exclusis. Verrucae plus minusve 
isodiametricae a polygoniis stellatae, nec confluentes nec densae, aequaliter 
distributae maculis exclusis, 0.5-1.0 uw diam. X 1.0 uw alt. & 0.75-1.5 wa 
centro ad centrum. 

Habitat: in foliis hic anni A bietis grandis (Dougl.) Lindl. in British Columbia, 
Canada. 
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Milesia laeviuscula on Abies grandis 

Fic. 1. Aecia 5 months after inoculation. <1 

Fic. 2. Old pycnia in dead needle 10 months after inoculation. X50 
Fic. 3. Mature aecium. x 200 
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PLATE I 
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Milesia laeviuscula on Abies grandis 


Fic. 
Fic. 
Fic. 
Fic. 
Fic. 
Fic, 


-Can., J. 


4. Pycnia shown in Fig. 2. « 100 
5. Fresh pycniospores mounted in pycnial fluid. x 1000 
6. Aeciospores, median optical section. & 1000 

7. Surface of the spores shown in Fig. 6. < 1000 

8. Peridial cells, median optical section. 1000 


9. Inner surface of the peridial cells shown in Fig. 8, 1000 
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PLATE II 











an 
15 
Py 
Py 


sp 
Pe 
ce 
ba 
gO 
th 


ve 


pe 
of 


Wi 





ZILLER: WESTERN TREE RUSTS. III 891 


Pycnia on needles of the current season, hypophyllous, numerous, scattered 
among the aecia, amber-yellow, subepidermal, immersed, globoid to napiform, 
150-230 w wide X 150-190 w high (Figs. 2 and 4; 25 pycnia measured). 
Pycniospores straight, cvlindrical, hyaline, 2.0-2.5 & 5.5-6.5 (7.5) w (Fig. 5). 
Pycnial hyphae 2—4 uw in diameter. 

Aecia on needles of the current season,*® hypophyllous, biseriate, white, 
cylindrical, firm, 0.3-0.5 mm. in diameter, up to 2.5 mm. high, arising in 
spongy parenchyma of mesophyll near the palisade layer (Figs. 1 and 3). 
Peridium hyaline, dehiscent at the apex, not becoming lacerate.  Peridial 
cells in a single layer, overlapping, 15-30 uw wide XK 30-45 yw long excluding 
basal and apical cells; seen in tangential section of aecium rhomboid to poly- 
gonal, vertically elongate, side walls including warts 3-6 w thick, not much 
thicker (up to 8 mw) at the apex (Fig. 8), outer walls smooth, inner walls 
verrucose to daedaloid and rugose, not reticulate, the warts or ridges up to 
1.5 win smallest diameter, up to 10 uw long, spacing of isodiametric warts and 
parallel ridges 1.5-2.0 wu from center to center (Fig. 9); seen in radial section 
of aecium, outer wall 1.0-1.5 w thick and inner wall 3-6 w thick including 
warts, warts 2-4 uw high. Aeciospores irregularly subglobose to oblong, 
18-26 X 20-40 (44) uw. Aeciospore wall rarely with a small and inconspicuous 
smooth spot, verrucose, evenly 0.5 mw thick excluding warts; warts seen in 
spore surface view more or less isodiametric, polygonal to stellate, not 
confluent, not crowded, evenly distributed excluding the smooth spot, 0.5—1.0 
m in diameter X 0.75-1.5 w (average 1.1 mw) spacing from center to center 
(Fig. 7); warts seen in median section of spore rectangular, 1.0 uw high (Fig. 6). 

Habitat: on current year’s needles of Abies grandis (Dougl.) Lindl. in 
British Columbia, Canada. 

Specimens examined: CANADA: British Columbia: On Abies grandis. 
Saanich, V.I., Dec. 11, 1951, DAVFP* 7203, DAOM® 41835, TRTC* 32087, 
PUR# 54682 (inoculum for Expt. A); Saanich, V. I., Dec. 18, 1952, DAVFP 
8370 (obtained by inoculation in Expt. C); Saanich, V. I., Dec. 9, 1952, 
DAVFP 8368, DAOM 41838, TRTC 32088, PUR 54681 (inoculum for Expt. 
D); Victoria, Oct. 23, 1955, DAVFP 9596 (obtained by inoculation in Expt. 
E); Victoria, Oct. 31, 1955, DAVEP 9600 (obtained by inoculation in Expt. E 
and used as inoculum in Expt. F); Victoria, March 20, 1956, DAVFP 9878 
(obtained by inoculation in Expt. E). 


Geographical Distribution 


The geographical distribution of Milesia laeviuscula on true firs is uncertain, 
excepting its occurrence near Victoria, British Columbia. It will remain 
uncertain at least until the white-spored species of Peridermium of the West 
are better known and can thus be referred to the genera and perhaps even the 

3Occasionally, needles may not die completely until as late as March of the year following 
their infection. ; 

‘For abbreviations of herbaria Lanjouw and Stafleu (9) is followed. 
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species with which they are connected. Meanwhile, it may be assumed that 
Milesia laeviuscula occurs on grand fir wherever grand fir is associated: with 
rusted polypody (Polypodium spp.) 

On polypody the rust is known to occur only along the west coast of North 
America: from southern Alaska and British Columbia to Washington, Oregon, 
and southern California. 


Life History 


Field observations in the vicinity of Victoria, British Columbia, and the 
results of inoculation experiments, both oulined in previous sections, suggest 
the following life history of M. laeviuscula (Fig. 10): 

In May and June, the young needles of grand fir are infected by basidiospores 
from the telia of overwintered fern fronds. About three weeks later, the 
infected needles begin to discolor slightly and produce pycnia. The first 
aecia appear early in September, but do not begin to shed spores until the 
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Fic. 10. Diagram of the life cycle of Milesia laeviuscula from observations made near 
Victoria, B.C. 
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end of September. Aeciospore production continues throughout fall and 
winter until approximately the end of February. Thereafter, the infected 
needles gradually turn brown and die. 

Infection of the fall growth of licorice fern begins approximately in October, 
just after the new fronds have appeared and the aecia on grand fir have begun 
to shed their spores. The young fronds of the fall growth may be infected 
by urediniospores from old fronds of the spring growth as well as by aeciospores 
from grand fir. Primary infection from both sources may continue for several 
months until the supply of viable uredinio- and aeciospores is exhausted or 
until the fronds become too old to be susceptible. The symptoms of these 
infections do not show until the following February, when the first uredinia 
appear on the fern. From then on, the production of uredinia increases 
continuously, telia are formed, and in June the overwintered fronds begin 
to wither and die. They have by that time been replaced by the new spring 
growth which made its appearance in May. 

During May and June, the young needles of grand fir are once again infected 
by basidiospores from the overwintered fern fronds, and the full life cycle of 
the rust involving the two alternate hosts is thus completed. At the same 
time, the urediniospores from the same overwintered fronds infect the new 
spring growth of polypody. In October, the infected spring growth of poly- 
pody has produced urediniospores which infect the fall growth of polypody, 
and the reduced life cycle of the rust, involving the fern host only, is thus 
completed. From field observations it appears that the rust may complete 
either one, or both, of the two life cycles near Victoria, whereas on the Queen 
Charlotte Islands, the only chance of the rust’s survival seems to be by the 
reduced life cycle on polypody. 


It is of interest to note the resemblance of M. laeviuscula to Milesina itoana 
Kamei occurring on Dryopteris crassirhizoma Nakai and species of Abies in 
Japan. The two species of rust resemble each other not only in the 
morphology of the pycnia, aeciospores, and urediniospores, but their life 
histories also are similar, particularly in the exceptionally long period required 
for maturation of the aecia. Kamei, in his study of Milesina itoana, noted: 
“It is remarkable that the period needed for issuing of the aecidia was far 
longer than in any other species of Milesina used in the present study” (8, pp. 
105-106). It is possible that critical comparative studies may show that the 
two rusts are closely related and that they should be included in the same 
species. 
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ISOLATION AND FRACTIONATION OF LEAF PHOSPHATIDES'! 


Morris KATES AND FRANK M. EBERHARDT? 


Abstract 


Methods are described for the extraction of total lipids (including pigments) 
from leaves, under conditions minimizing the action of phosphatidase C on the 
phosphatides, and for the fractionation of the phosphatide components. The 
lipids were extracted with hot i-propanol, partitioned into chloroform, and 
freed from water-soluble substances by washing with water. Chromatography 
of the lipids on silicic acid —- Celite columns yielded a pigment plus non- 
phosphatide fraction and the following four phosphatide fractions: Fraction I, 
consisting of inositol-carbohydrate phosphatides; Fraction II, containing 
mostly phosphatidyl ethanolamine, and some phosphatidyl serine; Fraction 
III, an unknown phosphatide; and Fraction IV, consisting predominately of 
phosphatidyl choline. Although the analytical data and the products of 
hydrolysis of the fractions indicate that complete resolution of the phosphatides 
has not been achieved, the methods described should be useful as a preliminary 
group fractionation, prior to further separation and purification steps. The 
presence of inositol phosphatides in leaves is reported here for the first time. 


Introduction 


The difficulties encountered in isolating and purifying plant phosphatides 
are well known, and have been amply discussed in a monograph by Wittcoff 
(35). The presence of the enzyme phosphatidase C (11, 13, 14, 20, 22) in 
many plant tissues introduces further complications. This enzyme catalyzes 
the hydrolysis of glycerolphosphatides to yield free nitrogenous bases and 
phosphatidic acid (11, 13, 14, 21, 22), and its action is greatly accelerated 
by ethyl ether or alcohol-ether mixtures (19, 23). The large amounts of 
phosphatidic acid isolated after extraction of plant tissues with these solvents 
(3, 4, 13, 14, 18, 32) undoubtedly result from the action of phosphatidase C 
during the extraction procedure (13, 14, 19, 20). Treatment of the plant 
tissues for short periods at elevated temperatures prior to solvent extraction 
greatly reduces the action of the enzyme but does not completely eliminate 
it (13, 14, 20). 

Smith (33, 34) has shown that extraction of Hevea latex with boiling alcohol 
completely inactivates the phosphatidase C, and that the phosphatides 
obtained are free from phosphatidic acid. A recent study of the effect of 
solvents on plastid phosphatidase C activity (23) has shown that either 
t-propanol or n-propanol is strongly inactivating, at high concentrations, even 
at room temperature. These observations were applied to the problem of 
extracting phosphatides from leaves under conditions which would eliminate 
the action of phosphatidase C. 

‘Manuscript received July 15, 1957. 

Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa, Canada. 

Issued as N.R.C. No. 4492. Presented in part at the 39th Annual Conference, Chemical 
Institute of Canada, Montreal, Canada, May 28-30, 1956. 


2National Research Council Postdoctorate Fellow, 1955-56. Present address: Botanisches 
Institut, Tiibingen, Germany. 
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It was found that the total lipids (including pigments) of leaves were 
readily extracted with hot i-propanol, from which they could be extracted 
into chloroform and freed from water-soluble contaminants by washing the 
chloroform solution with water. At this stage, it was found that the classical 
method of acetone precipitation did not remove the phosphatides quanti- 
tatively from the total lipid mixture. However, when the total lipids were 
chromatographed on a column of silicic acid — Celite (2, 25, 28), most of the 
pigments and non-phosphatides were removed by elution with chloroform, 
and all of the phosphatides were recovered, in four separate fractions, by 
elution with mixtures of methanol in chloroform. 

The present paper describes the isolation, fractionation, and composition 
of the phosphatides from runner bean leaves. The methods described have 
also been found applicable to sugar beet leaves and should be equally effective 
with plant tissues in general. 


Materials and Methods 
Plant Material 
Scarlet runner bean plants (Phaseolus multiflorus) were grown in the green 
house, in soil containing vermiculite. After 14 days of growth, the tops of 
the runner bean plants above the node of the primary leaves were removed, 
to prevent formation of pinnate leaves. The primary leaves of 20- to 28-day- 
old plants were used for isolation of the phosphatides. 


Analytical Methods 

Total nitrogen was determined by the micro-Kjeldahl procedure; phos- 
phorus (P) by King’s method (24); choline by the reineckate procedure 
(20, 22); and ethanolamine and serine by the method of Axelrod, Reichenthal, 
and Brodie (1). Fatty acids were determined as described previously (21); 
fatty acid ester groups by a combination of the methods of Hack (10) and of 
Rapport and Alonzo (30); and higher fatty aldehydes accoraing to Rapport 
and Alonzo (31). Reducing sugars (calculated as glucose) were determined 
by the method of Nelson (29). 


Extraction of Total Lipids from Leaves 

One hundred grams fresh weight of washed and blotted laminae were 
fragmented under liquid nitrogen in a mortar, the powder was immediately 
transferred in portions to 300 ml. of boiling 7-propanol, and the mixture was 
blended for 1-2 minutes in an ‘Omnimixer’ or Waring blendor. The hot 
homogenate was filtered with suction, and the filter residue was washed with 
hot 7-propanol (200 ml.). The filter cake was then blended with 200 ml. of 
hot 7-propanol-chloroform mixture (1:1), and the homogenate was filtered. 
The filter residue was washed with 200 ml. of i-propanol-chloroform mixture 
(1:1), and with 100 ml. of chloroform, and was then completely free of pigments 
and lipids. The combined filtrates were concentrated in vacuo (under nitrogen; 
bath temperature, 40°) to about 40 ml., and the concentrate was diluted with 
200 ml. of chloroform and added dropwise to 200 ml. of water in a separatory 
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funnel. The chloroform phase was separated from the water and emulsified 
phases, the latter being washed with chloroform until free of pigment. The 
entire washing procedure was repeated four times.* The washed chloroform 
extract was brought to a known volume, aliquots were taken for determination 
of total P (phosphatide P content, see below) and dry weight, and the 
remainder was concentrated in vacuo to dryness (bath temperature, < 40°), 
small amounts of benzene being added to aid in removing traces of water. 
The residue was dissolved in about 5 ml. of chloroform and the solution was 
immediately subjected to chromatography. 

The total lipid and phosphatide P content of leaves at different times of the 
year and of ages varying from 21 to 28 days are given in Table |. The total 
lipids constitute about 12% of the dry weight of the leaf, and the phosphatide 
P amounts to 0.08 to 0.12% on a dry weight basis. 


TABLE I 
TOTAL LIPID AND PHOSPHATIDE PHOSPHORUS CONTENTS OF RUNNER BEAN LEAVES 


Total lipids of leaves were obtained as described in the text 


Fresh Phosphatide Total lipids 
weight ‘ (+pigments) 
Age of | Number of - — ——— - — 
Date of plant, of leaves, mg./100 g. % of 
Batch No. harvesting days leaves g. mg. dry wt.* mg. dry wt.* 
1 Nov. 1/55 25 60 100 328 76 -- - 
2t May 14/56 28 St 84 7.08 85 - - 
3 Aug. 27/5621 38 57 4.70 83 - - 
4 Sept. 4/56 22 54 98 8.42 87 . 
2 Sept. 10/56 21 38 66 6.25 95 - - 
6 Sept. 17/56 21 26 70 5.20 75 - ~ 
4 Jan. 8/57 21 45 52 6.00 116 658 12.5 
8 Jan. 21/57 24 51 50 4.94 99 576 11.6 


*Dry weight of leaves was found to be 9.9 + 0.6% of fresh weight. 
tLipid extract passed through a column of cellulose (34). 


Chromatographic Fractionation of Lipids on Silicic Acid — Celite Columns 

Chromatography of the leaf phosphatides was carried out, in general, 
according to the procedures of Lea, Rhodes, and Stoll (25) and of McKibben 
and Taylor (28). The adsorbant used was a mixture of analytical reagent 
grade silicic acid (Mallinckrodt, No. 2847) and Celite (Johns-Manville, No. 
545; washed with water, methanol, and chloroform) in the ratio of 4:1 (w/w). 
Analytical reagent grade chloroform (containing 0.75% of ethanol) was used 
as eluting solvent without further purification, while methanol (reagent grade) 
was redistilled over potassium hydroxide. 

The mixed adsorbent (20 g./5 mg. phosphatide P) was heated for 1-2 


hours at 110°, allowed to cool, mixed to a slurry with chloroform, a: 1 poured 


*In early experiments, remaining traces of water-soluble contaminants were removed by 
passage of the water-saturated chloroform extract through a cellulose column (34). However, 
this procedure was discontinued when it was found that these contaminants would be retained 
on silicic acid — Celite columns. 
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into a chromatographic tube 24 mm. in diameter. The solvent was allowed 
to run through just to the surface of the adsorbent, and the chloroform solution 
of lipids described above was added, using a few milliliters of chloroform to 
wash down the sides of the tube. The column was eluted with 20 column 
volumes of chloroform and then with about 10 column volumes each of 
chloroform—methanol (5:1, v/v) and chloroform-—methanol (1:1, v/v). A 
flow rate of 1-2 ml./min. was maintained by application of a slight pressure 
of nitrogen (1 to 5 cm. of Hg). In some early experiments, the solvent 
sequence: chloroform, chloroiorm—methanol (4:1), and methanol was used 
with essentially the same results (see Table I1) except that separation of the 
fractions was not as sharp. 


Hydrolyzates of Phosphatide Fractions 

Phosphatide fractions were hydrolyzed with 3 NV hydrochloric acid (1 ml./mg. 
P or less) or with 1 N sodium hydroxide (1 ml./mg. P or less) for 2-3 hours 
on a steam bath. Acid hydrolyzates were diluted with an equal volume of 
water and extracted with a mixture of petroleum ether and ethyl ether (1:1) 
to remove fatty acids. The aqueous phase was cleared by centrifugation and 
brought to dryness in a stream of air under an infrared lamp. ‘The residue 
was dissolved in a few milliliters of water, the solution was brought to dryness, 
and the process was repeated several times to remove residual hydrochloric 
acid; the residue was finally dried im vacuo over potassium hydroxide, and 
dissolved in a few drops of water. 

Alkaline hydrolyzates were neutralized with 1 N acetic acid, and extracted 
with ethyl ether — petroleum ether (1:1). The aqueous phase was freed from 
sodium ion by treatment with Amberlite [R-120(H*) ion exchange resin, and 
brought to dryness in a stream of air; the residue was dried im vacuo over 
potassium hydroxide, and dissolved in a few drops of water. 


Chromatographic Identification of Water-soluble Hydrolysis Products 

In early experiments, hydrolysis products were separated by two-directional 
chromatography, as described in another publication (6). Better separation 
of the products was achieved by means of paper electrophoresis, followed 
by one-directional paper chromatography. 

The hydrolyzate, obtained as described in the preceding section, was applied 
to Whatman 3MM paper strips (2.5 & 18 in.), and subjected to electrophoresis 
(0.1 MW ammonium acetate buffer, pH 4.6) for 30 minutes at 900 volts and 
15 ma. per strip. The hydrolysis products were thus separated into anionic, 
neutral, and cationic substances, which were recovered from the paper by 
elution with water and subjected to chromatography (together with appropriate 
standards) on Whatman No. 1 paper in one direction (descending) for 16 hours. 
n-Butanol — acetic acid — water (5:3:1) was used for separation of the anionic 
or the cationic substances; pyridine — ethyl acetate — water (4:10:10, upper 
phase) was used for the neutral substances (sugars, glycosides, and 
polyhydroxy alcohols). Phosphate esters were visualized by spraying the 
chromatogram with Hanes—Isherwood reagent (16), followed by exposure 
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to U.V. light; amino compounds by spraying with 0.5% ninhydrin in water- 
saturated butanol; choline by spraying with 0.2% dipicryl amine in acetone- 
water (1:1) (27); sugars by spraying with 1% p-anisidine hydrochloride in 
ethanol; polyhydroxy compounds by spraying first with 1% silver nitrate in 
acetone, followed by 2% sodium hydroxide in ethanol; and inositol by the 
method of Fleury, Courtois, and Malangeau (7). 


Results 


Fractionation of Lipids 

The results of a typical chromatographic separation of total lipids of runner 
bean leaves into various phosphatide fractions are shown in Fig. 1. Elution 
of the silicic acid column with chloroform did not remove any phosphorus, 
but removed most of the pigments (carotenes, chlorophylls plus pheophytins, 
and xanthophylls). After elution with 20 column volumes of chloroform, the 
eluates were only faintly yellow, but the column was still colored green and 
showed several darkly colored bands. Elution with chloroform—methanol 
(5:1) first removed a darkly colored band of material (Fraction I), which passed 
through in the second column volume, then a yellow-colored material which 
came through between 2.5 and 6 column volumes (Fraction I1]). Further 
elution with this solvent removed only a very small amount of P. Elution 
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Fic. 1. Chromatographic separation of phosphatides from primary leaves of Phaseolus 


multiflorus on a column of silicic acid—Celite. Total lipids (+pigments) from leaf 
batch No. 3 (see Table I) were applied to a column of 20 g. of mixed adsorbent; total 
phosphatide P applied, 4.68 mg.; column volume, 34 ml. The eluting solvent was 


changed at the points indicated in the abscissa. 
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TABLE Il 


DISTRIBUTION OF PHOSPHORUS AND WEIGHT AMONG LIPID FRACTIONS OBTAINED 
BY CHROMATOGRAPHY ON SILICIC ACID — CELITE COLUMNS 


Total lipids obtained from leaf batches described in Table I were fractionated on silicic acid — 
Celite columns, using chloroform, chloroform—methanol (5:1), and chloroform-methanol (1:1) 
as eluting solvents (see text and Fig. 1). Phosphatide P content and weight of lipids are given 
in Table I. 


Distribution 


of weight, % 
Distribution of P, % of total phosphatide P of total lipids 


Batch number 
Fraction 2 3 4+5 6 4 7 


Pigments -+ non- 


phosphatides 0 0 0 0 0 0 30 
Fraction | ao.2 47.4 43.5 46.7 48.0 47.4 55 
Fraction II 18.6 17.4 23.0 20.5 17.6 18.2 7 
Fraction III ) 44.4 1.9 2.5 2. 5.8 4.9 3 
Fraction IV if 32.2 31.0 30.5 29.0 31.3 | 
Recoveries 96.1 98.9 100.0 100.0 100.4 101.8 102 





*Column eluted with solvent sequence: chloroform, chloroform-methanol (4:1), and 
methanol (100%); fractions III and IV not clearly separated. 


with chloroform—methanol (1:1) removed a small amount of material in the 
second column volume (Fraction III), followed by a fraction appearing between 
3 and 7 column volumes (Fraction IV). The eluates containing Fractions ITI 
and IV were almost colorless. Further elution of the column with 100% 
methanol removed only traces of P. The eluates were combined into 
Fractions I to IV, as shown in Fig. 1, and brought to dryness in vacuo. 

Distribution of lipid P among the various fractions obtained after chromato- 
graphy is given in Table II. The four phosphatide fractions accounted for 
96-100°% of the P in the total lipids (washed chloroform extract); the P 
content of the chloroform extract may therefore be taken as a measure of the 
phosphatide content of the leaves. The average percentage distribution 
of the lipid P among the phosphatide 7 ictions was as follows: Fraction I, 
45%; Fraction II, 20%; Fraction III, 3%; and Fraction IV, 31% 


Composition of Phosphatide Fractions 

Before analysis, the phosphatide fractions were subjected to acetone precipi- 
tation, as follows: The dried fractions* were each dissolved in ethyl ether 
(Fractions I and II; a few drops of methanol were added to aid in dissolving 
the dried fractions) or in chloroform—methanol (1:1) (Fraction III or IV), 
and the solutions were cleared of small amounts of insoluble material by 
centrifugation, concentrated to small volumes (0.2-0.5 ml./109 mg.) in a 
stream of nitrogen, and diluted with 10 volumes of acetone, at 0°. The 
precipitates were centrifuged, washed with a small amount of cold acetone, and 


*All fractions were much less soluble in ether or chloroform when in a highly dried state; 


addition of moist methanol increased the solubility. 
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precipitated again as described above. (Second crops were obtained from the 
acetone mother liquors on further cooling.) This procedure removed most of 
the pigments which were associated with the fractions, and yielded only 
slightly colored products. The acetone precipitates contained about 91%, 
78%, 96%, and 75% of the P in Fractions I, II, III, and IV, respectively, 
but only 34%, 66%, 80%, and 75%, respectively of the weight of the fractions. 
Assuming that the small amounts of P remaining in the acetone supernatants 
are due to slight solubility of the phosphatides, it may be calculated that the 
phosphatide fractions I, II, III, and IV as obtained directly from the 
chromatographic column (see Table I1) are contaminated with 63%, 15%, 
16%, and 0%, respectively, of non-phosphatide material, on a weight basis. 

The dried, weighed, acetone-precipitated fractions were dissolved in 
ethyl ether (Fractions I and II), methanol—chloroform (1:1, Fraction III), 
or methanol (Fraction IV), and the solutions were centrifuged free from 
small amounts of insoluble material, made to known concentrations, and 
analyzed. Portions were also subjected to hydrolysis, and the water-soluble 
products were separated and identified chromatographically as described 
under ‘methods’. The analytical data and the products of hydrolysis are 
summarized in Tables III and IV, respectively. 

Fraction I had a low N/P ratio, a fatty acid/P ratio greater than 3, and a 
high reducing sugar content. Only about half of the nitrogen present was 
derived from ethanolamine and serine, the remainder probably representing 
unknown amino bases detected on chromatograms of the acid hydrolyzate. 
Glycerophosphate, inositol monophosphate, and an unknown acidic phosphate 
ester were detected in the acid hydrolyzate, but the only acidic phosphate 
detected in reasonable amounts in the alkaline hydrolyzate was glycero- 
phosphate. Free inositol, glycerol, glucose, galactose, and arabinose were 
detected chromatographically in the acid hydrolyzate, but were found in 
the alkaline hydrolyzate only after subsequent acid hydrolysis. The reducing 
sugars are thus present in the intact phosphatide as glycosides (see Table IV). 
The fact that Fraction I had an ester/P ratio greater than the fatty acid/P 
ratio suggests the presence of ester groups involving ether-insoluble, water- 
soluble acid(s). The alkaline hvdrolyzate of Fraction I was indeed found to 
contain a carboxylic acid, which reduces silver nitrate (Table IV). Fraction | 
would thus appear to be a complex mixture of inositol-carbohydrate 
phosphatides. 

Fraction II had a N/P ratio of about 0.8, a fatty acid/P ratio slightly greater 
than 2, and contained some reducing sugar and inositol. All of the nitrogen 
in this fraction was derived from ethanolamine and serine. From the N/P, 
ethanolamine-N/P, and serine-N/P ratios it may be calculated that Fraction 
If contains about 70% phosphatidyl ethanolamine, 10% phosphatidyl 
serine, and 20% inositol-carbohydrate phosphatides. A small amount of 
higher fatty aldehyde was also detected, indicating the presence of acetal 
phosphatides. 
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TABLE III 


COMPOSITION OF PHOSPHATIDE FRACTIONS 


Phosphatide fractions (see Table II 
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OF RUNNER BEAN LEAVES 


) were precipitated 


twice with acetone before being analyzed 


I 

Constituent 2 K | 2 
Phosphorus, % 1.78 1.82 3.51 
Nitrogen, % 0.25 0.18 ‘2 
N/P, atomic ratio 0.32 0.22 0.80 
Choline, % 0 - - 
Choline-N /P, atomic ratio 0 — - 
Ethanolamine, % 0.57 0.17 - 
Ethanolamine-N /P, atomic ratio 0.16 0.05 - 
Serine, % 0.35 0.22 1.0 
Serine-N/P, atomic ratio 0.06 0.04 0.09 
Fatty acid, % 65.8 

Neutral equivalent 335 

Fatty acid/P, molar ratio 3.36 
Ester/P, molar ratio 4.1 - 2:5 
Aldehyde/P, molar ratio 0.01 — 0.07 
Reducing sugar, % ~ 10.7 
Sugar/P, molar ratio - 1.01 . 


Phosphatide fraction 
II III* IV 


Batch number 


3 3+4+5+6 2 34+44+5+6 
3.47 1.64 3.87 B.25 
1.24 5.85 1.8 1.85 
0.79 1.05 1.09 

ac 14.3 13.1 

0.95 0.90 

4.98 ej - 0.12 

0.73 0.53 —= 0.02 

1.0 ke | -- 0.26 

0.09 0.56 - 0.02 

64.9 16 63.5 64.9 
264 250 275 270 

2.19 ‘2 1.85 1.99 

- 3.2 - 

- - 0.008 
4 .( 4.9 3 
0.2 0.5 -- 0.06 


*Analytical data are only approximate, owing to the smallness of the sample analyzed. 


TABLE IV 


WATER-SOLUBLE PRODUCTS OF HYDROLYSIS 


Hydrolysis products were separated by paper 


chromatographically, as described in the 


OF PHOSPHATIDE FRACTIONS 


electrophoresis, and identified 
text. Relative concentrations 


indicated by the number of ‘+’ signs; a ‘—’ sign indicates the compound was 


not detected on the chror 


natogram 


Fraction 


I II Ill IV 
Hydrolysis product Acid Alkali Acid Acid Acid 
Glycerophosphate +4 +++ + Trace +++ 
Inositol monophosphate Trace Trace Trace Trace 
Unknown acidic phosphate ester — Trace 1 + = 
Unknown carboxylic acid* + 
Choline _ _ a = oo oe 
Ethanolamine o 4. ee 4 
Serine + ee 1 i 
Unknown amino bases ao Trace — a ss 
Glucose heat oe a “ ‘i 
Galactose +4 _ A. es A 
Arabinose + — +. ot. re 
Inositol + _— + satin _ 
Glycerol +++ - se +. ne ae 
Glycosidest -_ ab ol = i 





*Gives a brown spot when sprayed with silver nitra 
Three discrete brown spots were detected on the 


sprayed with silver nitrate, each of which yielded reducing sugar after acid hydrolysis. 


te. 
chromatogram of the neutral material 








la 
ni 
re 
co 
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Fraction III had a very high N/P ratio, relatively high contents of ethano- 
lamine and serine (which together accounted for only one-seventh of the total 
nitrogen), a fatty acid/P ratio of about one, and a considerable amount of 
reducing sugar (galactose, glucose, and arabinose). The acid hydrolyzate 
contained only traces of glycerophosphate and inositol phosphate, and an 
unknown phosphate ester found also in the hydrolyzate of Fraction I; 
unknown amino compounds were also detected in the hydrolyzate. Fraction 
III may perhaps be a proteolipid type of phosphatide (9). 

The analytical data for Fraction IV were similar to those expected for a 
lecithin with Cyg—Cis fatty acids. The data indicated the presence of amino 
compounds and of reducing sugar, which were detected in the acid hydro- 
lyzate; these were probably derived from contaminating amounts of Fraction 
III. Most of Fraction IV (about 90%) may, however, be considered as 
lecithin. 


Discussion 


The data presented here show that leaf phosphatides can be resolved, by 
chromatography on silicic acid — Celite columns, into four fairly well defined 
groups: (i) inositol-carbohydrate phosphatides, (ii) phosphatidyl ethano- 
lamine and phosphatidyl serine, (iii) an unknown phosphatide (proteolipid?), 
and (iv) phosphatidyl choline. Similar separations have been recently 
reported for the ‘cephalin’ fraction of yeast (12), and for egg-yolk phospha- 
tides (5). Further resolution of the inositol—phosphatide fraction (Fraction 1) 
and the phosphatidyl ethanolamine-serine fraction (Fraction II) might be 
achieved by rechromatography on silicic acid — Celite using lower concentra- 
tions of methanol in chloroform as eluting solvent (see (5, 28)). The lecithin 
fraction might be freed of amino compounds and sugars by chromatography 
on alumina (see (5, 15)). The method of separation described is also applicable 
to the amounts of phosphatides present in a single leaf, and has proved useful 
in tracer studies (6). 

On the basis of the phosphorus distributions given in Table II and the 
analytical data of Table III, the composition (on a P basis) of the 
phosphatides in runner bean leaves may be calculated as 50°% inositol-carbo- 
hydrate phosphatide, 14° % phosphatidyl ethanolamine, 2° phosphatidyl 
serine, 4° unknown phosphatide, and 30% lecithin. By comparison, Jordan 
and Chibnall (18) found that the phosphatides of 3-week-old primary leaves 
of runner bean had the composition (on a P basis) of 62% phosphatidic 
acid and 10°% lecithin plus cephalin. Despite the fact that they dried the 
leaves at 80° for 1 to 1} hours, sufficient phosphatidase C activity must 
have remained to reduce the lecithin-cephalin content to such a low value; 
extraction of the dried leaves with ether undoubtedly aided the action of 
the enzyme. In the present work, it is still possible that phosphatidic acid 
is present in the isolated phosphatides, perhaps in Fraction I, in spite of 
the precautions taken to inactivate the phosphatidase C. This does not 
seem likely, since almost all of the phosphorus in Fraction I is precipitable 
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with acetone, whereas phosphatidic acid is acetone-soluble. However, 
further resolution of Fraction I will be necessary to establish the presence 
or absence of phosphatidic acid. 

Evidence for the presence of inositol phosphatides in leaves is presented 
here for the first time. The inositol-carbohydrate phosphatide fraction iso- 
lated from runner bean leaves is similar to that found in soybean (8, 17, 36), 
groundnut (26), or Hevea latex (34) in that it contains sugars (glucose, 
galactose, and arabinose), inositol, and glycerol in a combined form. How- 
ever, the present material differs considerably from the previously described 
inositol phosphatides in that it has a much lower P content (1.8% compared 
with values ranging from 3 to 5%), and a higher fatty acid/P ratio (3.4 
compared with 1.5 to 2). These differences are probably not due to the 
presence of contaminating glycerides, since the material was twice precipitated 
with acetone. 

Further work on the separation and purification of the phosphatide frac- 
tions obtained from runner bean leaves, and on the structure determination 
of the inositol-carbohydrate phosphatides and of the unknown phosphatide 
(Fraction III) is in progress. 
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INCORPORATION OF C“ OR P® INTO THE PHOSPHATIDES 
OF RUNNER BEAN LEAVES! 


FRANK M. EBERHARDT? AND Morris KATES 


Abstract 


The phosphatide content of primary leaves of runner bean increased linearly 
with time, between the 8th and 20th day of development, at a rate proportional 
to the growth of the leaves 

Detached leaves incorporated C' into the total lipids (pigments, non- 
phosphatides, and phosphatides) when supplied with CO, in the light for 
1 minute followed by a 30-minute period in the light or dark in tracer-free air 
and when supplied with pyruvate-2-C™ or acetate-1-C"™ in the light. P® was 
incorporated into the phosphatides ; after phot P® was supplied both 
in the light and dark. With each precursor, radioisotope was incorporated into 
the four phosphatide fractions obtained by chromatography of the total lipids: 
inositol-carbohydrate_phosphatides (Fraction I), phosphatidyl ethanolamine 
phosphatidyl! serine (Fraction II), an unknown phosphatide (Fraction III), and 
lecithin (Fraction IV). 

Distribution of radioactivity among these phosphatide fractions and among 
the phosphatide moieties varied greatly with the precursor supplied. Thus, 
with C™O, as precursor, Fraction I and III had the highest specific activities, and 
C™ entered both the water-soluble moieties and the fatty acids in all of the 
phosphatide fractions. With pyruvate-C™ or acetate-C™, lecithin was most 
highly labelled, and C™ was found almost exclusively in the fatty acids of the 
phosphatides. With orthophosphate-P®, Fraction III] had the highest specific 
activity. The bearing of these findings on the metabolism of phosphatides in 
leaves is discussed. 


Introduction 


In the preceding paper (7), methods were described for the extraction of 
leaf lipids and their separation by chromatography into a non-phosphatide 
fraction (including pigments), and four phosphatide fractions. Although 
complete resolution of the phosphatides into individual components was 
not achieved, it was considered worth while employing this fractionation pro- 
cedure in conjunction with the isotope tracer technique to study phosphatide 
metabolism in leaves. 

Relatively few experiments with labelling agents designed to elucidate 
phosphatide metabolism in plants have been carried out. Arnoff et al. (2) 
observed a small incorporation of C'™ into the lipid fraction of barley seedlings 
after photosynthesis for 1 hour in the presence of C“OQ.. Rapid incorporation 
of C™ into the fatty acid moieties of the lipids of Scenedesmus obliquus after 
40-second exposures to C“O,. was reported by Clendenning (4). Milhaud, 
Benson, and Calvin (13) observed a considerable incorporation of C™ into the 
lipids (including phosphatides) of Scenedesmus after metabolism of labelled 
pyruvate or hydroxypyruvate in the light. Incorporation of P® from ortho- 

'Manuscript received July 15, 1957. 

Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa, Canada. Presented in part at the meeting of the American Society of Plant 
Physiologists, Storrs, Connecticut, August 26-30, 1956; see Plant Physiol. 31, xxxvii (1956). 

Issued as N.R.C. No. 4494. 


2National Research Council of Canada Postdoctorate Fellow, 1955-56. Present address: 
Botanisches Institut, Tiibingen, Germany. 


Can. J. Botany, 35 (1957) 
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phosphate-P® into the phosphatides of peanut mitochondria (12), and of 
kidney bean chloroplasts (14) has recently been reported. 

The present paper deals with a study of the incorporation of radioisotopes 
into the phosphatides of primary leaves of runner bean (Phaseolus multiflorus), 
using C“O., pyruvate-2-C", acetate-1-C', and orthophosphate-P* as precur- 
sors. Runner bean was selected as plant material because its growth was 
fairly rapid, and the two primary leaves, being physiologically similar, were 
suitable for use in controlled experiments. Furthermore, the extensive inves- 
tigations of Jordan and Chibnall (6) indicated that there was an accumulation 
of phosphatides in runner bean leaves during the period of rapid growth. 
In the present work, attempts were directed toward determining the effect 
of light on the incorporation of radioisotope into the phosphatides, and also 
the distribution of radioactivity among the phosphatide fractions and among 
the various phosphatide moieties. It was hoped, thereby, to obtain an 
over-all picture on which further studies of the mechanism of phosphatide 
synthesis in plants could be based. 


Materials and Methods 
Plant Material 
The results reported were obtained with primary leaves of scarlet runner 
bean (Phaseolus multiflorus), grown under greenhouse conditions, in soil 
containing vermiculite. After 14 days of growth, the tops of the runner bean 
plants were removed to prevent formation of pinnate leaves. 


Analytical Methods 

Phosphorus was determined by King’s procedure (9). Chlorophylls a 
and b were separated chromatographically on a column of sucrose (4), and 
determined spectrophotometrically in acetone solution, using Mackinney’s 
constants (11). 


Administration of Labelled Precursors* 

CQO. was administered to individual leaves in a lucite chamber, described 
by Towers and Mortimer (15). Each leaf was preilluminated for 5 minutes 
at 24° and at a light intensity of 2000 ft.-candles at the leaf surface, whereupon 
CO, (generated by addition of 70% perchloric acid to 50-100 uc. of sodium 
carbonate-C"™) was introduced into the chamber. After photosynthesis for 
1 minute, the leaf was either immediately extracted (initial control), imme- 
diately placed in the dark in tracer-free air, or kept in the light (2000 ft-c.) 
in tracer-free air for various periods of time. In the latter two cases, the 
petioles were immersed in tap water. 

Sodium acetate-1-C™, sodium pyruvate-2-C™, or orthophosphate-P®” were 
supplied to the leaf in diffuse light (30 ft-c.) at 24-25°, by immersing the 
petiole in 0.05 M solution of the labelled compound (adjusted to pH 5-6). 
When the solution had been completely taken up, the leaf was either immedi- 
ately extracted (initial control), placed in the dark (petiole immersed in 


*All labelled compounds were obtained from Atomic Energy of Canada, Ltd. 
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water), or kept in the light (2000 ft-c., petiole immersed in water) for 
various periods of time. Large differences in the rate of uptake of the 
precursor by leaves of the same plant were sometimes observed. 


Extraction of Total Lipids 

“Untagged’’ leaves were extracted in bulk as described in another paper 
(7). The P content of the total lipid extract (washed chloroform extract) 
was taken as a measure of the phosphatide content, since all of the P was 
found to be associated with the phosphatide fractions obtained after 
chromatography on silicic acid — Celite (7). 

“Tagged”’ leaves were extracted as follows. Each lamina (2.5-3.0 g. 
fresh weight) was ground to a powder under liquid nitrogen in a mortar, and 
the powder was immediately added to 12 ml. of boiling 7-propanol in a 100 
ml. beaker. The mixture was transferred to a 15 ml. conical centrifuge tube, 
stirred for a few minutes at 80°, and centrifuged. The insoluble residue 
was extracted successively in the centrifuge tube with two more 12-ml. portions 
of boiling i-propanol, followed by three 12-ml. portions of hot 7-propanol— 
chloroform (1:1). The centrifuged extracts were combined, concentrated 
in vacuo (bath temperature, 40°; nitrogen stream) to about 5 ml., and diluted 
with 25 ml. of chloroform. The chloroform extract from leaves supplied 
with C'-labelled precursors was washed five times with 15-ml. portions of 
water, as described previously (7); the extract from P*-fed leaves was 
washed three times with 15 ml. portions of 0.5 M disodium phosphate in 
2 M potassium chloride (12), and twice with water. The final water-wash 
in all cases contained less than 1% of the radioactivity in the washed extract. 
The chloroform extract (containing the total lipids and pigments) was then 
made to a known volume, and aliquots were taken for determination of 
total P and for counting. The remainder of the solution was brought to 
dryness in a stream of nitrogen at 30°, and the residue was dissolved in 0.5—1 ml. 
of chloroform and subjected to chromatography. 


Fractionation of Lipids on Silicic Acid — Celite Columns 

Chromatography of the lipids of ‘‘tagged’’ leaves was carried out as 
described previously for the ‘‘untagged”’ leaves (7), using a column of silicic 
acid — Celite mixture (4:1; 1.25 g./100-150 ug. P) in a 10-12 mm. diameter 
tube. Elution with 10 column volumes each of chloroform, chloroform 
methanol (5:1), and chloroform—methanol (1:1) yielded, as described 
previously (7), a non-phosphatide fraction (containing glycerides, pigments, 
and unsaponifiables), an inositol-carbohydrate phosphatide fraction (Frac- 
tion I), a phosphatidyl ethanolamine — phosphatidyl] serine fraction (Fraction 
Il), an unknown phosphatide (Fraction III), and lecithin (Fraction IV). 
Similar results were obtained, in some early experiments, using the solvent 
sequence: chloroform, chloroform—methanol (4:1), and methanol, but the 
separation of Fraction III from Fraction IV was not complete (cf. Figs. 
2 and 3). 
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Chromatography of the lipids on silicic-acid-impregnated paper according 
to the method of Lea, Rhodes, and Stoll (10) was also attempted (using 20% 
methanol in chloroform), but the separation of the phosphatide fractions 
was not as sharp as on silicic acid — Celite columns. 

Hydrolysis 

Phosphatide fractions were hydrolyzed with acid or alkali, and the 
hydrolyzates were separated into ether-soluble and water-soluble products, 
as described previously (7). The ether extracts were washed with water 
and concentrated to dryness in a stream of nitrogen (bath temperature, 
<40°); the fatty acid residue was weighed (and in some cases titrated with 
alkali), made to a known concentration in chloroform, and an aliquot was 
taken for counting. The water-soluble part of the hydrolyzate was freed 
from hydrochloric acid as described previously (7), dissolved in water to a 
known volume, an aliquot was taken for counting, and the remainder was 
subjected to chromatographic analysis. 


Chromatographic Identification of Water-soluble Hydrolysis Products 

Separation of hydrolysis products by two-directional chromatography was 
carried out on Whatman No. 1 paper (acid-washed, 12 X 16 in.) using 
n-butanol — acetic acid—water (5:3:1) in the first direction (16 hours 
descending), and n-butanol — 95% ethanol — water (210:128:62) in the second 
direction (16 hours descending). Separation of the following compounds 
expected in the hydrolyzates was achieved: glycerophosphate, inositol phos- 
phate, hexoses, pentoses, glycerol, inositol, choline, ethanolamine, and serine. 
The separated spots were visualized by autoradiography. For further 
identification, the spots corresponding to glycerophosphate, choline, and 
hexoses were eluted with water and rechromatographed on Whatman No. 1 
paper, in one direction, together with appropriate standards (solvent for 
phosphate esters and choline: n-butanol — acetic acid — water, 5:3:1; for sugars: 
pyridine — ethyl acetate — water, 4:10:10). Visualization of the spots was 
achieved by spraying with the specific sprays described previously (7), and 
by autoradiography. 

Separation of the hydrolysis products was in some cases carried out by 
means of paper electrophoresis, followed by paper chromatography of the 
anionic, neutral, and cationic substances in one direction (7). 


Plating and Counting 

All radioactive material was plated on aluminum planchets over a circular 
area of 4cm.? Lipids were plated at infinite thinness from chloroform solu- 
tion, allowing the solvent to evaporate at room temperature. Aqueous 
solutions were plated on alkali-etched aluminum planchets, and were 
dried down under an infrared lamp. Radioactivity incorporated into the 
1-propanol-insoluble portion of leaves was determined by combustion to carbon 
dioxide according to Baker et al. (3) and counting as barium carbonate. 
Samples were usually counted in triplicate with an end-window GM-tube, 
and the results in that case are given as averages with mean deviations. 
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Results 


Formation of Phosphatides During Development and Growth of Leaves 

Before proceeding with studies on the incorporation of radioisotopes into 
the phosphatides, information concerning the rate of accumulation of 
phosphatides by leaves was required. The changes observed in the phos- 
phatide P content and in the length of primary leaves of runner bean during 
development from the embryo stage are illustrated in Fig. 1. During the 
first 4 days of growth, very little change of phosphatide P content occurred. 
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Fic. 1. Formation of phosphatides during development and growth of primary leaves 
of runner bean (Phaseolus multiflorus). Phosphatide P content determined on the total 
lipids of 200 embryonic leaves (dissected from 100 seeds), 40 leaves of 4-day-old plants, 
or 20 leaves of 8- to 20-day-old plants. Data expressed as P content per leaf, or average 
length of lamina (along median vein). 


Between the fourth and eighth day both the phosphatide P content and the 
leaf length increased rapidly; between the 8th and 20th day the increases 
were maximal and linear with time, and paralleled each other. During this 
latter period there was a linear relationship between the phosphatide content 
and the corresponding leaf length, suggesting that phosphatide accumulation 
is directly concerned in the growth of the leaf. 

For the tracer studies, leaves from 2- to 3-week-old plants were used, since 
they had a sufficiently high content of phosphatides, and the rate of accumula- 
tion of phosphatides was maximal. 
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Incorporation of C'* or P*®* into Phosphatides After Feeding Various Precursors 

Influence of Light and Dark 

Very little radioactivity was incorporated into the total lipids (+-pigments) 
of detached runner bean leaves after photosynthesis for 1 minute in the 
presence of C“Os, but increasing amounts of activity appeared in the total 
lipids after subsequent photosynthesis in tracer-free air for 30 minutes or 
longer (Table I). Activity was also incorporated into the lipids after a 30 
minute dark period following 1 minute photosynthesis in C“O,. Because 
of the lack of a proper control, however, it was not ascertained whether the 
activity incorporated in the dark was greater or less than that incorporated 
in an equivalent light period. 


TABLE I 


INCORPORATION OF C"™ INTO THE TOTAL LIPIDS OF 
RUNNER BEAN LEAVES AFTER UPTAKE OF CQ, 


The primary leaves from two 22-day-old runner bean plants were individually 
fed CO, (generated from 100 uc. of NasC™O;) in the light (2000 ft-c.) for 1 
minute, then kept in tracer-free air in the light (2000 ft-c.) for the indicated 
periods of time. The results obtained with leaves from the same plant are to be 
compared. 


Activity in Activity in Activity in 
Post- i-propanol total lipids, water-washings, 
illumination extract,counts % of i-propanol % of i-propanol 

Plant Leaf time, min. X 1073/min. activity activity 

I 1 0 46.1 + 3:0 0.5 + 0.4 104 + 3.5 
2 30 54.0 + 3.5 14.7 0.4 Sr.e + 1.5 

II 1 60 Bat Bed 10.5 + 0.7 83.0 + 0 
2 90 ae + 2 16.7 + 0.4 70.0 3.2 





The effect of light and dark on the incorporation of C™ into the lipids was 
better ascertained when pyruvate-2-C™ was used as precursor (Table II). 
After supplying the precursor for 23 minutes in diffuse light (controls), about 
27-30% of the activity taken up by the leaf was incorporated into the 
1-propanol-soluble material, about one-fifth to one-sixth of which was 
associated with the total lipids (phosphatides and pigments plus non- 
phosphatides), and the remainder with the water-soluble part of the extract. 
After a subsequent period of 60 minutes in the light, the activity of the 
i-propanol extract was unchanged, but the activity of the total lipids (both 
the phosphatides and the pigments plus non-phosphatides) was increased 
threefold, at the expense of the activity in the water-soluble fraction. When 
the leaf was kept in the dark for 60 minutes instead of in the light, the 
activity of the 7-propanol extract decreased greatly, presumably because 
much of the activity in the water-soluble fraction was lost by respiration. 
However, no significant change in the activity of either the phosphatides 
or the pigments plus non-phosphatides was observed with respect to the 
control. It is also interesting that both the light and the dark treatment led 
to an increase in the specific activity of the 7-propanol-insoluble residue, the 
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TABLE II 


INCORPORATION OF C! INTO FRACTIONS OF RUNNER BEAN LEAVES 
AFTER UPTAKE OF PYRUVATE-2-Cl 


Detached primary leaves from two 16-day-old plants were each fed 24 uc. of 
sodium pyruvate-2-C" (0.15 ml. of 0.05 M solution, pH 5.0) during 23 minutes 
under 30 ft-c.; one leaf from each plant was immediately extracted (controls); 
of the remaining leaves one was kept in the light (2000 ft-c.) for 60 minutes, 
the other was kept in the dark for 60 minutes. Leaves were fractionated as 
described in the text. Total activity taken up was 930 X 10% counts/min. /leaf; 
phosphatide P contents: Plant I, control leaf, 124 ug., light leaf, 139 wg.; Plant 
II, control, 130 ywg.; dark, 124 ug. 


Activity in fraction, % of total activity taken up 
Plant I Plant I] 

Fraction Control leaf Light leaf Control leaf Dark leaf 
i-Propanol extract 28.6 + 2.2 27.2 + 1.3 26.9 + 0.2 12.1 + 0.3 
Water-soluble 4 0.8 14.6 + 0.1 20.1 + 0.9 8.2 + 0.4 
Total lipids 5.1 + 8.2 14.5 + 0.2 3.4 + 8.2 4.9 + 0.1 
Phosphatides 3.4 9.9 3.9 3.8 
Pigments + 

non-phosphatides 0.8 2.3 0.7 0.7 


Specific activity, counts/min./ug. C 
Residue insoluble after « 
i-propanol extraction M.2¢1.4 17.0+0.2 11.8+0.1 13.6+0.1 


TABLE III 


INCORPORATION OF C INTO LIPID FRACTIONS OF RUNNER 
BEAN LEAVES AFTER UPTAKE OF ACETATE-1-C! 


Leaves from a 16-day-old plant were each fed 167 yc. of sodium 
acetate-1-C™ (0.64 ml. of 0.05 M solution, pH 5) during 94 minutes 
at 24° and in diffuse light (30 ft-c.); one leaf was then kept in the 
light (2000 ft-c.) for 91 minutes, and the other kept in the dark 
for 92 minutes. Phosphatide P content: light, 200 ywg.; dark, 


209 ug. 
Activity in fraction, 
counts X 1073/min. 
Fraction Light leaf Dark leaf 
i-Propanol extract 1,080 + 8 540 + 30 
Total lipids 667 + 6 330 + § 
Phosphatides 288 109 


Pigments + non-phosphatides 160 93 


light treatment being more effective in this respect. These results show that 
light is required for the incorporation of C' into the phosphatides and other 
lipids when pyruvate-2-C"™ is administered. 

The effect of light on the incorporation of C' from acetate-1-C"™ into the 
lipid fraction was not ascertained with certainty, again because of the lack 
of a suitable initial control. However, the results given in Table III suggest 
that light does stimulate the incorporation of C™ into the phosphatide and 
the pigment plus non-phosphatide fractions. 
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TABLE IV 
INCORPORATION OF P%2 INTO PHOSPHATIDES AFTER UPTAKE OF ORTHOPHOSPHATE-P® 


Leaves from 17-day-old plants were each fed orthophosphate-P® during 30 
minutes in the light (2000 ft-c.); ‘control’ leaf was immediately extracted; 
‘light’ leaf kept in light (2000 ft-c.) for 60 minutes; ‘dark’ leaf kept in dark for 
60 minutes. 


Light leaf 


Dark leaf 


Control leaf 


Activity in phosphatides, 


counts X 1073/min. 11.7+0.6 23.8+1.2 33.8+0.7 
Total P in phosphatides, ug. 97.2 91.4 120 
Specific activity of phosphatides, 

counts/min./pg. P 120 262 282 


The effect of light and dark on the incorporation of P® from orthophosphate- 
P® into the phosphatide fraction is shown by the data in Table IV. Both 
the light and the dark treatment resulted in a large increase in the activity 
of the phosphatides over that of the control. On the basis of the specific 
activities, light and dark treatments would appear to be equally effective for 
the incorporation of P® into the phosphatides. 
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Fic. 2. Chromatographic separation of labelled lipids obtained from runner bean leaves 
after feeding C"O.. Three 16-day-old leaves were administered C'O, (generated from 
54 wc. NasC'O;) for 1 minute in the light as described in the text; leaves were extracted 
after a subsequent period of 30 minutes in the light. Combined total lipids were chro- 
matographed on a column of 2.5 g. of mixed adsorbant; column volume, 4.2 ml. Total 
activity and P applied to column are given in Table V. 
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Distribution of Radioactivity Among the Various Lipid Fractions 

The distribution of radioactivity among the lipid fractions after admin- 
istration of various precursors in the light is illustrated in Figs. 2 and 3, and 
summarized in Table V. 

With CO, as precursor, more than three-quarters of the activity fixed by 
the total lipids was found in the pigment plus non-phosphatide fraction; 
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Fic. 3. Chromatographic separation of labelled lipids obtained from runner bean 
leaves after uptake of pyruvate-2-C"™, acetate-1-C', or orthophosphate-P* in the light. 
Tagging conditions for pyruvate-2-C™ and acetate-1-C™ are given in Tables II and II] 
(light-treated leaves), respectively; for phosphate-P® tagging, two 15-day-old leaves 
were administered orthophosphate-P® (about 15 uc.) for 4 hours in diffuse light (30 ft.- 
candles), and the lipids were immediately extracted. Weight of mixed adsorbant (g.), 
and column voiume (ml.), respectively: pyruvate-2-C™, 1.25, 1.7; acetate-1-C'™, 1.25, 
1.7; P*, 2.5, 3.6. Total radioactivity and P applied to colums are given in Table V. 
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TABLE V 


DISTRIBUTION OF RADIOACTIVITY AMONG LIPID FRACTIONS AFTER UPTAKE OF 
VARIOUS LABELLED PRECURSORS 


Total lipids, obtained from leaves after uptake of labelled precursors in the 
light, were fractionated chromatographically (see Figs. 2 and 3). Total radio- 
activity (counts/min.) and total P (ug.) applied to columns: C'Os, 96.4 10°, 
344; pyruvate-2-C™, 117 x 10%, 121; acetate-1-C", 574 x 10%, 180; ortho- 
phosphate-P®, 42.2 « 10%, 251 


Fraction 
Pigments + 
non 
phosphatides I II III IV Recoveries 
CHO2 
% of total counts/min. 76.7 10.8 2.9 0.8 9.9 101.1 
% of total P 0 33.3 17.9 2.2 34.8 88.2 
Specific activity, 
counts/min./patom P . 2,820 1,400 3, 200* 2,450 - 
Pyruvate-2-C4 
™% of total counts/min. 15.8 25.5 iP ‘3 34.0 84.1f 
% of total P 0 38.0 20.1 5.9 36.6 100.6 
Specific activity, 
counts/min./patom P - 20,100 10,800 7 ,400* 27,900 
Acetate-1-C' 
% of total counts/min. 24.0 9.6 6.6 2.4 24.5 67.6f 
% of total Pt 0 38 20 6 37 101 
Specific activity, 
counts/min./patom P - 25,000 33,000 39 ,000* 66 ,000 
Orthophosphate-P* 
% of total counts/min. 4.4 13.2 18.6 31.2 32.4 99.8 
% of total P 2.4 v.2 18.7 17.5 34.5 90.3 
Specific activity, 
counts/min./patom P (9,300) 4,010 5,170 9 300 4,900 


*Specific activity only approximate, because of the low activity in this fraction. 

tLow recoveries of radioactivity may be due to loss of labelled volatile material during concentration of 
chloroform solution of the lipids prior to chromatography. 

{Distribution of P was not determined, but assumed identical with values for the pyruvate-fed leaves. 


the remainder was distributed among the four phosphatide fractions, chiefly 
in Fractions I and IV. On the basis of their specific activities (c.p.m./m 
atom P), the degree of incorporation of C' into the phosphatide fractions was 
in the order, Fraction I and Fraction III > Fraction IV > Fraction II. 
Attempts were also made to determine which of the pigment plus non-phos- 
phatide constituents were radioactive. Both chlorophyll a@ and 6 were found 
radioactive (1050 and 680 c.p.m./micromole, respectively), and together with 
pheophytins accounted for about 10° of the activity in the non-phosphatide 
fraction; fatty acids (obtained after saponification) contained about 9% of 
the activity (specific activity, 800 c.p.m./microequivalent); and unsaponifiable 
material (chiefly carotenoids) accounted for about 75% of the activity. 

With pyruvate-2-C" as precursor, most of the activity (70%) fixed by the 
total lipids of the light-treated leaf was associated with the phosphatides, 
of which Fraction IV (lecithin) had the highest proportion, followed by 
Fractions I, II, and III, in that order. The specific activities were also in the 
same order. The control and dark-treated leaves (see Table I1) had the same 
distribution of activity among the lipid fractions as the light-treated leaf. 

With acetate-1-C"™ as precursor, again most of the activity in the total 
lipids of the light-treated leaf was associated with the phosphatides, among 
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which the activity was distributed in about the same manner as with 
pyruvate-2-C"", except that the lecithin fraction had an even higher proportion 
of the activity. The specific activities (calculated on the basis of the same 
distribution of P as with pyruvate) showed that the lecithin fraction was 
about twice as active as any of the other fractions. The dark-treated leaf 
(see Table I11) had a distribution of activity among the lipid fractions similar 
to that of the light-treated leaf. 

When orthophosphate-P* was supplied for 4 hours in diffuse light, the radio- 
activity was found to be distributed almost entirely (except for a few per cent 
in the pigment plus non-phosphatide fraction) among the four phosphatide 
fractions (Table V). Surprisingly, Fraction III, which previously was found 
to contain only a minor proportion of C™ (from carbon-labelled precursors) 
and of the total phosphorus, now contained about one-third of the P® in 
the total lipids and about 18% of the total P, and had about twice the specific 
activity of any of the other phosphatide fractions. Furthermore, the 
pigment plus non-phosphatide fraction contained a small but significant 
amount of radioactivity and P, which would correspond to a phosphatide with 
specific activity comparable to that of Fraction III. These differences are 
difficult to explain, but perhaps are a reflection of the abnormally high 
concentration of orthophosphate available to the leaf under the conditions 
of this experiment. 


Distribution of Radioactivity Among Hydrolysis Products of the Phosphatide 
Fractions 

After acid hydrolysis of the phosphatide fractions obtained from leaves 
tagged with C"O., pyruvate-2-C"™, or acetate-1-C"™, the radioactivity was 
found distributed between the water-soluble and ether-soluble constituents 
as given in Table VI. 

With CO, as precursor, the activity of Fraction I was distributed almost 
equally between ether- and water-soluble constituents, while that of Fractions 
Il and IV was associated more with the ether-soluble constituents, although 
a considerable proportion (about 20°) was found in the water-solubles. 
With pyruvate-2-C" as precursor, however, only a few per cent of the activity 
of each fraction appeared in the water-soluble constituents, while more than 
90% of the activity appeared in the ether-soluble products. With acetate-1- 
C™ as precursor, the activity of each fraction was associated almost entirely 
with the ether-soluble products, the amount in the water-soluble products 
being less than 1%. 


Radioactive Water-soluble Hydrolysis Products 

The water-soluble products of hydrolysis of each of the phosphatide fractions 
(except Fraction III, the radioactivity of which was too low) obtained from 
leaves supplied with C™O, in the light (see Fig: 2) were subjected to 
two-directional chromatography, and autoradiograms of the resulting 
chromatograms were made. The radioactivity in the products of acid 
hydrolysis of Fraction I was associated mostly with hexoses (identified 
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TABLE VI 
DISTRIBUTION OF RADIOACTIVITY IN HYDROLYSIS PRODUCTS OF PHOSPHATIDE FRACTIONS 
Phosphatide fractions were hydrolyzed with 3 N hydrochloric acid, and 


the products were separated into ether-soluble and water-soluble constituents, 
as described in the text 





Activity in % of activity in fraction 
fraction -- =a 
Phosphatide hydrolyzed, Water- Ether- 
Precursor fraction counts/min. soluble soluble 
CHO, I 2,550 43 57 
II 600 23 77 
ir* - 
IV 2,870 20 80 
Pyruvate-2-C I 26,300 4 96 
II 4,800 6 94 
III 1,300 10 90 
IV 35,600 6 94 
Acetate-1-C™ I 27,200 1.8 98.2 
II 19,300 0.4 99 6 
III 5,230 0.7 99.3 
IV 62 ,500 0.1 99.9 





*Insufficient material for hydrolysis. 


chromatographically as glucose and galactose); spots corresponding to 
inositol, inositol phosphate, pentose, and glycerol also were present on the 
autoradiogram, but that for glycerophosphate was absent. In contrast, 
almost all the radioactivity in the products of alkaline hydrolysis of Fraction I 
was associated with a slow-moving spot corresponding to glycosidic material, 
but no spots corresponding to free hexoses or pentoses were evident; the 
autoradiogram also showed spots corresponding to glycerophosphate, to 
glycerol, and to two unidentified substances (cf. the hydrolysis products of 
unlabelled Fraction I given in the previous paper (7)). 

The acid hydrolyzate of Fraction II contained radioactive glycerophosphate, 
glycerol, and ethanolamine, but also considerable amounts of radioactive 
hexoses, probably arising from the inositol-carbohydrate phosphatides still 
present (7). The acid hydrolyzate of Fraction IV contained radioactive 
glycerophosphate, glycerol, and choline, but also contained some radioactive 
hexoses. 

It is important to note that none of the above radioactive products can 
possibly be water-soluble contaminants associated with the phosphatide 
fractions, since they were completely absent in autoradiograms of similar 
chromatograms obtained with the unhydrolysed phosphatide fractions. 

The water-soluble products of the acid hydrolysis of the phosphatide 
fractions obtained from leaves supplied with pyruvate-2-C' (see Fig. 3) 
were separated by electrophoresis followed by paper chromatography. 
Radioactive glycerophosphate was found in the hydrolyzate of each of the 
four phosphatide fractions, and radioactive sugars were found in that of 
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Fraction I; no radioactive bases were found in any of the fractions. The 
low radioactivity in the hydrolyzates prevented further work on the 
identification of the radioactive hydrolysis products. 

The water-soluble hydrolysis products of the phosphatides from leaves 
supplied with acetate-1-C'™ were not investigated because of the very low 
radioactivity present. 


Discussion 


Jordan and Chibnall (6) observed a large increase in the total phosphatides 
of primary leaves of runner bean between the 8th and 30th days after 
germination. The present results (Fig. 1) are in accord with this, and show 
further that the increase in phosphatide content is linear with time and 
parallels the growth of the leaves. Jordan and Chibnall also found (6) that 
the accumulation of phosphatides in the primary leaves was very much slower 
than the disappearance of phosphatides from the cotyledons; they concluded 
that the seed phosphatides functioned as reserve food. The possibility that 
the leaf phosphatides arise by translocation of seed phosphatides would thus 
appear remote. It is much more likely that the accumulation of phosphatides 
in growing leaves is due to synthesis im situ, since C' is incorporated rela- 
tively rapidly into the phosphatides of detached leaves during photosynthesis 
in the presence of CO, (Table I and Fig. 2). However, leaves may utilize 
molecular fragments derived from seed phosphatides or other seed components 
to synthesize phosphatides, since they incorporate C'™ or P® into the phos- 
phatides when supplied with labelled pyruvate, acetate, or orthophosphate 
(Tables II, III, and IV). 

The effect of light and dark on the incorporation of radioisotope into the 
phosphatides of leaves varies with the precursor used. During photosynthesis 
for one minute in C“QOs, no radioactivity appears in the lipids, but subsequent 
photosynthesis in tracer-free air for 30 minutes or longer leads to incorporation 
of C' into the lipids (Table 1). However, C™ is also incorporated into the 
lipids after equivalent periods in the dark. It would appear then that 
phosphatides are synthesized in the leaf both during photosynthesis and during 
dark metabolism, but further work will be necessary to establish this with 
certainty. 

By contrast, light is required for the incorporation of C™ into the 
phosphatides when pyruvate-2-C" is supplied, whereas darkness completely 
blocks the incorporation (Table II). It is interesting that Milhaud, Benson, 
and Calvin (13) observed a much greater incorporation of C' into the lipids 
of Scenedesmus during light metabolism of pyruvate-2-C™ than during dark 
metabolism of this precursor. When acetate-1-C" is supplied to leaves, much 
more radioactivity appears in the phosphatides during a light period than 
during an equivalent dark period (Table II1). Further work is necessary, 
however, to establish whether light is essential for the fixation of C™ from 
acetate-1-C™ into the phosphatides. 
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The light requirement with pyruvate may be defined more precisely, inas- 
much as almost all the C™ incorporated into the phosphatides from labelled 
pyruvate (or acetate) in the light is associated with the fatty acid moieties 
(Table VI). Pyruvate is most likely converted to fatty acid by the sequence 
of reactions: pyruvate 





—— acetyl-Coenzyme A ———> fatty acid-Coenzyme 
A. The first reaction would occur both in the light and the dark, but the 
second step would require a high level of reducing power which could only 
be supplied in the light. Thus, as in other photosynthetic processes, the light 
requirement for the conversion of pyruvate to fatty acid would be equivalent 
to a requirement of reducing power. 

Incorporation of P® from orthophosphate-P* into the phosphatides proceeds 
equally well in the light and in the dark (Table IV). The adenosine triphos- 
phate required for the incorporation of P® into phosphatides (8, 12, 14) is 
thus supplied equally well in the light by photosynthetic phosphorylation 
(1), and in the dark by oxidative phosphorylation (5). It ‘is interesting that 
in leaves supplied with orthophosphate-P® Fraction III has about twice the 
specific activity of the other phosphatide fractions, and its absolute amount 
is increased several-fold over that found in leaves under normal conditions 
(see Table II in Ref. 7). This fraction (which appears to contain a 
proteolipid-type of phosphatide (7)) may perhaps be the precursor of some of 
the other phosphatides present in leaves, but further study is necessary to 
determine whether this hypothesis is correct. Mazelis and Stumpf (12) 
found that the phosphatide which became labelled with P® in peanut 
mitochondrial systems was neither lecithin, nor cephalin, nor phosphatidic 
acid; its very low Ry value in ethanol—water suggests that it might be 
similar to Fraction III, which has a low solubility in ethanol. 

The distribution of C' among the lipid fractions and among the phosphatide 
moieties varies greatly with the labelled precursor supplied (Tables V and V1). 
Under the relatively normal conditions of photosynthesis in the presence 
of C™O., a much higher proportion of C™ is incorporated into the pigments 
plus non-phosphatides than into the phosphatides, whereas the proportions 
are reversed when acetate-C™ or pyruvate-C™ is supplied. Furthermore, 
with CO, both the water-soluble and ether-soluble phosphatide constituents 
become labelled, whereas with acetate or pyruvate the fatty acid moieties 
appear to be labelled almost exclusively. Thus, with the latter precursors, 
the differences in the specific activities of the phosphatide fractions indicate 
that the fatty acid moieties in each of the fractions are labelled to different 
extents. From the data in Table V, the fatty acids of Fraction IV (lecithin) 
would appear to be about twice as radioactive as those from Fraction II 
(phosphatidyl ethanolamine-serine). Kennedy (8) has shown that lecithin 
and phosphatidyl ethanolamine are synthesized in cell-free enzyme systems by 
esterification of a D-a,B-diglyceride with phosphorylcholine and phosphoryl- 
ethanolamine, respectively. The above observation is difficult to reconcile 
with this mechanism unless one assumes that the diglycerides which form 
lecithin are not in equilibrium with those that form phosphatidyl ethanolamine. 
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All of the water-soluble moieties of the phosphatide fractions (see (7)) 
become labelled during photosynthesis in the presence of C'Os, the glucose 
and galactose (in that order) of Fraction I being most highly labelled. Lacking 
specific activity data, however, it is not possible to determine product-precursor 
relationships for the water-soluble constituents. Further studies along these 
lines are contemplated. 
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RACES OF PLASMODIOPHORA BRASSICAE! 
G. W. AYERS? 


Abstract 


Six races of Plasmodiophora brassicae Wor. have been distinguished on the 
basis of pathogenicity on differential hosts of cultivated and wild crucifers. 

Pathogenic differences between isolates were established by replicated tests 
in the greenhouse under conditions of controlled temperature and moisture. 
In order to ensure adequate infection, the spore density of each inoculum was 
standardized before the seedlings were inoculated. 

Crucifers found suitable for the differentiation of races were: Wilhelmsburger 
swede, Nappan hybrid swede lines, Laurentian swede, Sisymbrium altissimum, 
Brassica nigra, Brassica campestris, and Wisconsin clubroot-resistant cabbage 
lines. Reactions in swede and cabbage were sharply differential. Wilhelmsburger 
swede proved resistant to all inocula except those of race 1. Certain Nappan 
hybrid swede lines were moderately resistant to race 1 and highly resistant to 
the remaining races. Laurentian swede showed resistance to races 5 and 6 only. 
Wisconsin cabbage showed marked resistance to races 5 and 6 and high suscept- 
ibility to races 2 and 4. 

Races 2, 3, and 4 were distinguished by reactions of B. campestris and S, 
altissimum, whereas race 5 was separated from race 6 by the greater susceptibility 


of B. nigra and B. campestris to race 5. 


Introduction 


Physiologic specialization in Plasmodiophora brassicae Wor., the organism 
causing clubroot of crucifers, has, until recently, received only limited 
attention by plant pathologists and plant breeders. As is the case with potato 
late blight and cereal rust fungi, races or strains of the clubroot organism 
are distinguished by means of differential host reaction. Evidence of 
specialization in the clubroot parasite was advanced by Honig (2) in 1931. 
This worker reported that a strain of P. brassicae from kohlrabi was readily 
transmissible to kohlrabi, cauliflower, rape, and turnip, but it could be 
transmitted only with difficulty to radish. A cauliflower strain was also 
discovered which proved to be similar to the one on kohlrabi but strains from 
Savoy cabbage and raddish were found to be distinct. MacLeod (5) first 
reported inability to demonstrate specialization in 50 spore samples gathered 
in the Maritime Provinces but later (6) reported differences in the 
susceptibility of crucifers to inocula from the same area. Work anony- 
mously reported by the writer (1) showed that Wilhelmsburger swede was 
highly susceptible to inoculum from Nappan, N.S., and highly resistant or 
immune to inoculum from Bunbury, P.E.1. 


In studies on the reaction of turnips and rutabagas grown in England and 
the United States, Walker (9) presented evidence of specialization in 
P. brassicae. Purple top Milan turnip remained completely free of clubroot 
when grown in heavily infested soil in Wisconsin, but when planted in 
naturally infested soil in England about 20°% of the plants contracted the 

‘Manuscript received August 9, 1957. 
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disease. An English variety, White Stone, which showed 87% infection in 
an English test, failed to develop clubbing in inoculation tests with a 
representative American isolate of P. brassicae. More recently Macfarlane 
(4) distinguished three races of P. brassicae by means of their capacity to 
form clubs on different hosts; one race failed to produce any appreciable 
amount of clubbing in two turnip and two swede varieties, and the others 
were identified by their contrasting effects on different turnip and swede 
varieties. 

In studies conducted by the writer, a search for suitable differential host 
material was facilitated by reference to a monograph by Karling (3). This 
treatise lists 318 species of crucifers as having been examined for clubroot 
susceptibility. Karling noted that the percentage of infection reported by 
workers varied considerably for the same species and he considered that 
such differences were largely due to the small number of plants examined. 
In the light of present knowledge, differences found within a species could 
also have been influenced by specialization in the parasite or genetical variation 
between seed samples used. 


Materials and Methods 


Clubroot spore inocula for experimental use were gathered by the writer 
or obtained from distant points from agricultural workers in the United 
States and Canada. The term ‘inoculum’, as used in this paper, refers to a 
spore sample gathered in one field from the roots of one cruciferous host. 
In the preparation of a sample only spongy remnants of clubs which had 
previously been subject to bacterial decomposition were included. The 
method employed in separating spores from mineral and organic debris was 
as follows: Samples were macerated in a Waring Blendor, filtered through 
cheesecloth, then centrifuged at varying speeds to remove soil and other 
extraneous matter. This procedure gave a satisfactory degree of purification, 
and spore quantities accumulated were measured by volume or haemocyto- 
meter count. Inocula at known spore concentrations were applied to measured 
quantities of clubroot-free soil in the form of spore suspensions, and after a 
period of 24 hours each of the inoculated soils was thoroughly mixed by hand. 

Experiments were conducted in the greenhouse and cruciferous seeds were 
sown in inoculated soil in 2-in. pots. After several days’ growth the contents 
of each pot (soil ball and seedlings) were set in non-inoculated soil in 4-in. 
pots. Uniform free moisture was maintained from planting time to date of 
examination by periodic application of measured quantities of water. 

The relative capacity of inocula to cause infection was determined in 
preliminary screening trials using hosts which had not previously shown any 
resistance to inocula of different origins. Where possible, similar spore loads 
were used in differential host studies but in certain of the tests outlined in 
this paper inoculum dosages were varied to counteract differences in spore 
viability. 
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TABLE I 


REACTION TO CLUBROOT IN FOUR VARIETIES OF SWEDES 
EXPOSED TO SPORE INOCULA OF DIFFERENT ORIGINS (1950) 








Sources of inocula 


Nappan, N.S. Bunbury, P.E.1. 
Wilhelmsburger Laurentian 
swedes swedes 
(race 1) (race 2) 
Swede variety Percentage clubbed* 
Ditmars 83.3 58.2 
Wilhelmsburger 98.7 0.0 
Nappan hybrid 167 0.0 0.0 
Nappan hybrid 162 14.8 0.0 





*Numbers of roots examined in each varietal series were the 
totals from four pots. Percentages clubbed were based on totals 
and not less than 52 plants per varietal exposure were scored for 
clubbing. 


Results in 1950 


Clubroot spore inocula for a preliminary trial were obtained in the fall of 
1949 from infected swedes produced at Bunbury, P.E.I., and Nappan, N.S. 
In this first experiment the concentration of spores was not determined, but 
for each inoculum a volume of 0.85 cc. of spores was mixed with 1700 cc. 
of soil. 

Seed of four swede varieties was planted on April 20 and after a period of 
33 days seedlings were examined for susceptibility to clubroot (Table 1). 

Clubroot inoculum from Laurentian swedes grown at Bunbury caused no 
clubbing in Wilhelmsburger swede, whereas inoculum from Wilhelmsburger 
swedes grown at Nappan caused severe clubbing (98.7 %) in Wilhelmsburger. 

High susceptibility found in Ditmars and Wilhelmsburger swedes when 
they were exposed to Nappan inoculum, as compared with the contrasting 
reaction between these varieties when exposed to Bunbury inoculum, was 
indicative of the existence of at least two races of the clubroot organism. 
The Nappan inoculum is designated as race 1 while Bunbury inoculum is 
designated as race 2. 


Results in 1952 


Spore inocula obtained in the fall of 1951 were from Bunbury (infected 
Laurentian swedes), Nappan (infected Wilhelmsburger swedes), Nappan 
(infected Ditmars swedes). Volumes of 4 cc. of spores from each sample 
were evenly dispersed in 200 cu. in. of clubroot-free soil and seed of eight 
crucifers was planted on March 14. After a period of 52 days roots were 
examined for clubbing (Table IT). 

As in 1950, Wilhelmsburger swede proved resistant to Bunbury inoculum 
but showed high susceptibility to Nappan inocula. Each inoculum caused 
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TABLE II 


REACTION TO CLUBROOT IN EIGHT CRUCIFERS EXPOSED TO SPORE 
INOCULA OF DIFFERENT ORIGINS (1952) 








Sources of inocula 


Nappan, N.S. Nappan, N.S. Bunbury, P.E.I. 
Wilhelmsburger Ditmars Ditmars 
swedes swedes swedes 
(race 1) (race 1) (race 2) 
Crucifer Percentage clubbed* 
Swedes 
Ditmars 94.7 81.4 38.9 
Laurentian ime: 96.7 63.9 
Wilhelmsburger 89.9 73.6 4.5 
Wild crucifers 
Sisymbrium altissimum 93.8 78.1 0.0 
Raphanus raphantstrum 2.6 0.0 0.0 
Descuratnta sophia 70.2 90.5 56.8 
Thlaspi arvense 96.9 77.8 33.6 
Barbarea vulgaris 0.0 0.0 0.0 


*Numbers of roots examined in each varietal series were the totals from four pots except in 
the series for Wilhelmsburger and Ditmars swedes in which the numbers were totals from 10 
pots. Percentages clubbed were based on totals and not less than 24 plants per varietal 
exposure were scored for clubbing. 


moderate to severe clubbing in Ditmars swede, Laurentian swede, Descurainia 
sophia, and Thlaspi arvense. Sisymbrium altissimum, however, showed 
complete resistance to Bunbury inoculum and contracted severe infection on 
exposure to Nappan inocula. None of the inocula showed pathogenicity 
on Barbarea vulgaris, and Raphanus raphanistrum showed high resistance in 
all plantings. Clubroot has not been observed by the writer in these two 
cruciferous species when they are growing as weeds in highly infested land. 

There appeared to be slight differences between host reactions on the inocula 
from Wilhelmsburger and Ditmars swedes grown at Nappan but the con- 
trasting reactions were not sufficiently pronounced to suggest the presence of 
two distinct races. 

Results obtained in 1950 demonstrated physiologic specialization between 
Nappan and Bunbury inocula using Wilhelmsburger swede as the differential. 
From the 1952 comparisons between inocula obtained from the same fields, 
race differentiation was shown by the relative susceptibility of both Wilhelms- 
burger swede and S. altissimum. 


Results in 1954 


Seven collections of inocula obtained in the fall of 1953 were screened for 
spore viability by exposing four crucifers to each inoculum at spore loads of 
513 X 10° per cu. in. of soil. Three of the inocula caused severe clubbing in 
one or more crucifers and these were used in a study of the relative clubroot 


susceptibility of 26 crucifers. Spores of each of the three samples were 
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applied at the rate of 324 X 10° spores per cu. in. of soil, and the period 
between dates of planting and examination varied between 35 and 57 days, 
depending on the rates of growth of individual crucifers. 

The first 15 crucifers listed in Table III reacted similarly, being either 
susceptible or resistant to inocula from Nappan, N.S., Indian River, P.E.L., 
and Guernsey Cove, P.E.I. The remaining 11 crucifers which showed differ- 
ences in reaction to inocula under test were for the most part highly convincing 
in their differential reactions between at least two of the inocula. 

Reaction with Nappan inoculum (race 1) was essentially similar to that 
encountered in 1950 and 1952 in that this race was highly pathogenic to 
Wilhelmsburger swede. Evidence that differences found were not the result 
of variation in spore loads was demonstrated in the reaction of clubroot- 
resistant cabbage; race 1 proved less pathogenic to the three cabbage 


TABLE III 


THE OCCURRENCE OF CLUBROOT IN 26 CRUCIFERS EXPOSED TO 
SPORE INOCULA OF DIFFERENT ORIGINS (1954) 


Sources of inocula 


Nappan, Indian River, Guernsey Cove, 

N.S. Pia. PRks 

swedes swedes swedes 

(race 1) (race 2) (race 3) 

Crucifer Converted averages* 

Laurentian swede 87.4 90.0 82.6 
Ditmars swede 90.0 82.6 86.3 
Brassica nigra 75.3 70.4 82.6 
Brassica kaber 90.0 90.0 86.3 
Brassica juncea 90.0 90.0 90.0 
Erucastrum gallicum 82.6 82.6 70.4 
Sisymbrium officinale 90.0 90.0 90.0 
Lobularia maritima 120.9 56.4 48.7 
Lepidium sativum me we 14.3 
Lepidium campestre 67.0 86.3 84.7 
Leptdium densiflorum 47.4 45.0 47.5 
Lepidium virginicum 10.6 | 0.0 
Raphanus raphanistrum 20.5 23.5 18.6 
Capsella bursa-pastoris 12.7 7.4 Be 
Barbarea vulgaris 0.0 0.0 0.0 
Wilhelmsburger swede 90.0 0.0 0.0 
NH 594 swede 45.0 0.0 0.0 
NH 328 swede 72.0 14.0 23.0 
NH 558 swede 64.6 20.7 28.6 
NH 566 swede 69.5 27.5 28.0 
Erysimum cheiranthoides 90.0 69.9 86.3 
Sisymbrium altissimum 86.3 0.0 34.3 
Brassica campestris 90.0 48.7 90.0 
Cabbage 8351T (Ottawa) 44.2 78.9 67.0 
Cabbage 1922-52-0 62.2 86.3 82.6 
5 61.6 57.4 


Cabbage 8351T (Wisc.) 35.3 








L.S.D. between variety—inoculum sources = 19.9 (P=0.01). 
*Based on percentages of plants clubbed in five pots per variety, 10 plants per pot. 
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race 2, about half being immune and the other half highly susceptible. 


of P. brassicae in the inocula tested. 
TABLE IV 


CLUBROOT RACE DIFFERENTIATION IN A HIGHLY REPLICATED TEST (1954) 





Sources of inocula 





*Average percentages of plants clubbed in 15 pots per variety, 10 plants per pot. 


Results in 1955 


other. 


stocks than races 2 and 3. Race 2 (Indian River) caused no infection 
in Wilhelmsburger swede and S. altisstmum, whereas race 3 (Guernsey Cove) 
caused clubbing in S. altissimum but not in Wilhelmsburger swede. Further 
evidence relative to the separation of races 2 and 3 was shown in the reaction 
of Brassica campestris; all plants contracted severe clubbing under exposure 
to race 3, but seedlings of this crucifer were not uniform in their reaction to 


An additional test was undertaken to check the validity of results presented 
in Table III. Three crucifers were used in a 15-replicate test and inoculated 
soil media were taken from the same lots as used in the previous test, clubroot 
spore concentrations being at a level of 324 X 10° spores per cu. in. of soil. 

After a period of 46 days from date of planting, examination showed very 
severe clubbing in all affected swedes. The reaction of Ditmars swede to 
Indian River inoculum indicated that the seed used was heterozygous for 
resistance; 8% of the plants showed no trace of infection, while the remainder 
were very severely clubbed. The same swede variety showed 100° clubbing 
when exposed to Nappan and Guernsey Cove inocula (Table IV). Seedlings 
of S. altissimum showed four plants clubbed out of 150 in contrast to complete 
freedom from clubbing in the initial test. Apart from the slight variations 
described, the results of the second test are essentially similar to those shown 
in Table III, thus providing further evidence of the occurrence of three races 


Nappan, Indian River, Guernsey Cove, 
N.S. : ) 
swedes swedes swedes 
(race 1) (race 2) (race 3) 
Crucifer Percentage clubbed* 
Ditmars swede 100.00 92.0 100.0 
Wilhelmsburger swede 100.00 0.0 0.0 
Sisymbrium altissimum 97.3 ae | 72.0 


Nine samples of spore inocula representative of a wide geographic area 
were screened for physiologic specialization and spore viability by exposure 
of five crucifers to each sample at spore loads of 380 X 10° spores per cu. in. 
of soil. Although there were some apparent differences in spore viability, 
results were sufficiently clear to demonstrate six specialized races, there being 
three contrasting pairs among the nine samples under test. It is interesting 
to note that samples comprising a pair were gathered within 20 miles of each 
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Six of the inocula showing differences in the screening trial were included in 
a larger test, and 15 crucifers were exposed to each at spore loads adjusted to 
compensate for variation in spore viability found in the exploratory trial. The 
experimental periods varied for individual crucifers, and intervals between 
planting and examination were between 40 and 75 days. 

Results presented in Table V show that Brassica juncea and Danish Ballhead 
cabbage were the only crucifers showing high and similar susceptibility to all 
inocula. Similarity in extent of clubbing was indicative of a balanced con- 
dition in respect to numbers of viable spores in each inoculum. 


TABLE V 


THE OCCURRENCE OF CLUBROOT IN 15 CRUCIFERS EXPOSED TO SPORE 
INOCULA OF DIFFERENT ORIGINS (1955) 


Sources and concentrations* of inocula 


Nappan, S. Melville, Victoria Brookfield, Ste. Martine, Racine, 
N.S. P54 ; ».E.I, P.E.I. 





r Cross, P.I Que. Wisc. 

swedes swedes swedes swedes cabbage cabbage 

15 xX 108 38 X107 38 X107 38 X 107 15 X 108 15 X 108 

(race 1) (race 2) (race 3) (race 4) (race 5) (race 6) 

Crucifer Converted averagest 
Brassica juncea 85.4 80.8 85.4 85.4 65.8 72.8 
Cabbage var. Danish Ballhead 59.7 75.1 $7.5 74.1 728 73.6 
Raphanus raphanistrum 41.3 4.6 4.6 0.0 14.9 9.2 
Swede NH 743-3 4.6 4.6 0.0 0.0 4.6 0.0 
Swede NH 775-1 9.2 4.6 9.2 0.0 9.2 0.0 
Swede NH 654-8 0.0 0.0 0.0 0.0 0.0 0.0 
Lepidium densiflorum 0.0 0.0 0.0 0.0 0.0 0.0 
Swede 637-1W 28.0 13.8 0.0 11.3 6.6 0.0 
Swede Wilhelmsburger 39.6 0.0 0.0 0.0 0.0 0.0 
Swede Ditmars 62.3 62.3 85.4 74.1 23.2 6.6 
Swede Laurentian 64.2 90.0 85.4 90.0 0.0 0.0 
Sisymbrium altissimum $2.5 0.0 35.5 0.0 6.6 4.6 
Brassica campestris 85.4 53.8 80.8 85.4 57.5 17.9 
Brassica nigra 4.6 21.6 26.5 28.2 64.2 17.5 
Cabbage 192254Z 34 90.0 39.0 80.8 43.6 46.5 
L.S.D. between variety-inoculum sources =22.6 (P =0.01). 


*Figures shown are numbers of spores per cu. in. of soil. 
Based on percentages of plants clubbed in four pots per variety, 10 plants per pot. 


Races 1, 2, and 3 were separated on the same host susceptibility patterns 
found applicable in 1954 and were respectively represented in inocula from 
Nappan, N.S., South Melville, P.E.I., and Victoria Cross, P.E.1. (Table V). 
On the basis of host—pathogen differentiation the South Melville inoculum 
corresponded with the Indian River inoculum of 1954, and the Victoria Cross 
inoculum showed the same pathogenicity as the Guernsey Cove inoculum 
of the previous year. 

An additional Prince Edward Island race from Brookfield (race 4) was 
distinguished from race 1 by its contrasting non-pathogenicity to Wilhelms- 
burger swede. Separation from race 3 was claimed because of the highly 
significant difference in pathogenicity to S. altissimum. Distinction of race 
4 from race 2 was demonstrated on B. campestris where race 4 caused severe 
clubbing in 39 of the 40 plants exposed. Race 2 caused severe clubbing in 
26 out of 40 plants, there being uniformity between replicates and a marked 
contrast between presence and absence of the disease. It seems likely that 
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about 35% of the seedling stock grown was immune to race 2. Race 5 (Ste. 
Martine, Que.) and race 6 (Racine, Wisc.) differed from those already segre- 
gated in that they caused no clubbing in Laurentian swedes. Segregation of 
race 5 from race 6 was clearly demonstrated on B. campestris and B. nigra 
where race 5 caused severe clubbing and race 6 showed only slight patho- 
genicity. Differentiation of the six clubroot races as expressed in Table V 
is clarified in Table VI, using essential data only. 


TABLE VI 


ESSENTIAL DATA ON THE 1955 DISTINCTION OF 
SIX RACES OF THE CLUBROOT ORGANISM 


Races of P. brassicae 


1 2 3 4 5 6 
Differential hosts Relative clubroot reaction* 

Cabbage Danish Ballhead + + “a 4. 4 ik 
Swede Wilhelmsburger + _ as = = 
Swede Laurentian + . Es a se = 
Sisymbrium altissimum oe - 4 a 2 = 
Brassica campestris ob a + 
Brassica nigra — - es oa te does 





*Contrast between + and — horizontal readings represents highly significant differences 
between figures in Table V. 


An additional contrast between races 5 and 6 was shown in type of clubbing 
encountered in clubroot-resistant cabbage selection 192254Z. Although both 
races caused root distortion in about 50% of the cabbage plants, race 5 caused 
only mild nodular formation, while plants affected by race 6 showed a mixture 
of nodules and severe clubs. 

In respect to the breeding programs in progress it is of interest to note that 
swedes selected for clubroot resistance at Nappan showed high resistance 
on exposure to inocula obtained in Prince Edward Island, Quebec, and 
Wisconsin. Cabbage lines bred for clubroot resistance in Wisconsin showed 
high resistance to inocula from Quebec and Wisconsin, moderate resistance 
to inocula from Nova Scotia, and high susceptibility to certain inocula from 
Prince Edward Island. 


Discussion 


Four years of study on physiologic specialization in P. brassicae have shown 
that certain crucifers may be highly susceptible to one inoculum and highly 
resistant or immune to another of different origin. Greenhouse tests of 1950 
and 1952 illustrated this sharp contrast when Wilhelmsburger swedes and 
S. altissimum were exposed to Nappan and Bunbury inocula. Further 
evidence of specialization was obtained in 1954 when 26 crucifers were ex- 
posed to three inocula of equal spore loads. Fifteen crucifers showed equal 
susceptibility or resistance to all three inocula, thus indicating that a degree 
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of equality existed between numbers of viable spores in each inoculum. 
Eleven crucifers showed differences in susceptibility between two or more 
of the inocula and presence of three clubroot races was sharply demonstrated 
by reaction of Wilhelmsburger swedes, S. altissimum, and B. campestris. 
Wisconsin clubroot-resistant cabbage lines and Nappan hybrid swedes also 
served as differentials in the distinction of race 1 from races 2 and 3. 

The same differential hosts used in a 1955 test proved useful in the separation 
of races 1, 2, 3, and 4. Further physiologic specialization was noted at this 
time in the high resistance of Laurentian and Ditmars swedes to inocula from 
Quebec and Wisconsin. Low infection encountered together with contrasting 
pathogenicity of these inocula to B. campestris and B. nigra made possible 
the distinction of races 5 and 6. 

On the basis of race differentiation in swedes there were three differential 
reactions in pathogenicity: thus race 1 was pathogenic to both Wilhelmsburger 
and Laurentian swedes; races 2, 3, and 4 were pathogenic to Laurentian but 
not to Wilhelmsburger swedes; while races 5 and 6 were not pathogenic to 
either swede variety. 

Wisconsin clubroot-resistant cabbage lines served as race differentials, 
especially between inocula from central Prince Edward Island and those from 
Wisconsin and Quebec. There was some evidence that races from Nappan 
and eastern Prince Edward Island were less pathogenic to these lines than the 
races from central Prince Edward Island 

The contrast between apparent immunity and complete susceptibility to 
clubroot in seedlings of B. campestris when they were exposed to race 2 was 
indicative of heterozygosity for resistance in the seed sample used. Macfarlane 
(4) noted such differences within crucifers exposed to different inocula: when 
the turnip variety, Six Weeks, was exposed to inocula from affected cabbage, 
up to 8% of the plants became severely clubbed; when spores of these clubs 
were used as inoculum on the same variety, about 8 to 9% of the plants became 
clubbed; it seemed likely that about 8% of the seedlings in this variety were 
susceptible to the race under study. Under conditions of high infectivity 
obtained in most of the tests at Charlottetown, low percentages of clubbing 
found in some crucifers might be explained in this manner or might be due to 
the presence in the inocula of relatively small amounts of another race highly 
pathogenic to crucifers exhibiting resistance to a predominant race. 

Heterozygosity was suspected in two additional crucifers planted in the 
1954 experiments. At that time about three-quarters of the seedlings of 
B. nigra and about one-half of the Lepidium densiflorum seedlings became 
severely clubbed on each of three inocula in contrast to the remaining seed- 
lings, which showed no visible infection. Seedlings of B. nigra produced from 
seed of healthy plants of the 1954 trials and used in the 1955 comparative tests 
showed very high resistance to inocula classified as similar to those tested in 
1954. Similar selection in L. densiflorum vielded plants showing complete 
absence of clubbing with all inocula tested in 1955. Variation in clubroot 
resistance in B. nigra was investigated by Pryor (7), who noted varietal 
differences in susceptibility of from 5 to 85%. 
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Swedes bred for clubroot resistance at Nappan appear to possess varied 
degrees of resistance to all of the inocula tested during the course of experiments 
conducted at Charlottetown. Results obtained would perhaps suggest that 
resistance in Nappan hybrid swedes is polygenic in character. Sterling (8) 
studied the genetics of host reaction to clubroot in Nappan hybrids and found 
that at least four major factor pairs differentiate resistance and susceptibility. 
Two groups showed that susceptibility was partially dominant, while another 
group under study showed resistance to be partially dominant. 

Cabbage bred for clubroot resistance in Wisconsin showed high resistance 
to inocula from Wisconsin and Quebec, partial resistance to some spore 
samples gathered in Prince Edward Island and Nova Scotia, and complete 
susceptibility to other samples from Prince Edward Island. Walker and 
Larson (10) in breeding for cabbage resistance found that susceptibility was 
completely dominant in crosses between highly resistant and highly sus- 
ceptible parents. Ten to 20% of the individuals in the F: were found to be 
resistant, thus indicating polygenic inheritance. 

The findings presented in this paper lend support to the polygenic theory 
of inheritance in cabbage lines selected for clubroot resistance in Wisconsin. 
All of the inocula tested caused some clubbing in lines under test and, with the 
exception of those inocula showing very high or very low pathogenicity, there 
were marked differences in degree of clubbing between plants exposed to 
individual clubroot samples. The gradation in intensity of clubbing was 
probably associated with the number of genes controlling resistance in in- 
dividual plants. 
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THE TAP ROOT IN LOWBUSH BLUEBERRY! 
I. V. HALL? 


Abstract 


The native lowbush blueberries (Vaccinium myrtilloides Michx. and V. 
angustifolium var. laevifolium House and var. nigrum (Wood) Dole) were found 
to have distinct tap roots heretofore unreported. 


The sweet lowbush blueberry was depicted and described by Harshberger 
(2) asa plant with shoots arising from a woody rhizome to which were attached 
“secondary roots’’. Stallard (5) excavated rhizome systems over a distance 
of several yards and concluded that reproduction occurred by vegetative 
growth. Recent authors (1, 3, 4, 6) have stated that blueberry plants must 
originate from seeds and spread by rhizomes, but they have overlooked a 
central origin for a single plant. 

A sweet lowbush blueberry (Vaccinium angustifolium var. laevifolium 
House), excavated in the spring of 1955, had a long tapering structure growing 
vertically in the soil, very similar in outward appearance to a rhizome (Fig. 1). 
Microscopic examinations of cross sections revealed that this structure was a 
typical root (Fig. 2) whereas the rhizome was a stem (Fig. 3) bearing scales 
near the distal end (Fig. 4). Further observations showed this tap root, 
which is considered to be the continuation of the primary root of the seedling, 
to be common to all native lowbush blueberry plants. 

An examination of cross sections from the proximal ends of the tap root 
and rhizome of the same plants revealed that the tap root had more growth 
layers than the rhizome (Table I), indicating that the former is the older 
of the underground structures. 


TABLE I 


COMPARISON OF THE NUMBER OF GROWTH LAYERS FROM CROSS SECTIONS 
OF TAP ROOTS AND OLDEST RHIZOMES OF THE SAME PLANTS 


Number Number Diameter Diameter 
of growth of growth of tap of 
layers layers in root rhizome 
in tap oldest section section 
Specimen root rhizome (mm.) (mm.) 
1 Vaccinium myrtilloides 15 5 10 4 
Zz Vaccinium angustifolium 
var. nigrum 20 10 7 5 
3 Vaccinium angustifolium 
var. laevifolium 15 3 7 3 
4 2 10 1 7 2 
5 = 10 1 7 2 
6 = 7 No rhizome 3 


1Manuscript received July 16, 1957. 

Contribution No. 1619 from the Botany and Plant Pathology Division, Science Service, 
Canada Department of Agriculture, Ottawa, Ontario. 

*Plant Pathology Laboratory, Kentville, Nova Scotia. 
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According to Trevett (6) the bulk of the rhizomes are contained in the A; 
horizon of podzol soils, and he concludes that ‘‘rhizomes are the key to a 
continuing high level of productivity because it is primarily from rhizomes 
or from rhizome appendages that new fruiting wood is initiated after a 
burn, and because in no other acceptable way except through the instrumen- 
tality of rhizomes and their appendages can the nutritive conditions 
conducive to high yields be maintained”’. 

The evidence presented in this paper suggests that too much stress has 
been placed on the role of rhizomes in the nutrition of the lowbush blueberries. 
Since the tap roots of older plants have been found 3 feet below ground level 
the function of the tap roots during periods of dry weather may be to supply 
the blueberry plants with water and soil nutrients not available in the area 
of the rhizomes. The ability of a blueberry plant to grow on very poor soils 
and at the same time produce a heavy crop of fruit may be due to its extensive 
tap root system. 
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Fic. 1. Habitat at Steam Mill, Kings Co., N.S., of V. angustifolium var. laevifolium 
House showing root extending vertically and rhizome horizontally in the soil. 

Fic. 2. Cross section of tap root of V. myrtilloides Michx. 10X 

Fic. 3. Cross section of rhizome of V. angustifolium var. laevifolium House. 10 

Fic. 4. Longitudinal section of rhizome of V. angustifolium var. laevifolium House 
showing cataphylls on the surface of the rhizome. 30X 
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MOISTURE AND TEMPERATURE RELATIONS OF HEARTWOOD 
FUNGI IN SUBALPINE SPRUCE! 


D. E. ETHERIDGE? 


Abstract 


The optimum moisture content for maximum development in wood was 
higher for butt-rotting fungi than for trunk-rotting fungi but the optimum and 
maximum temperature for growth on malt agar was about 5° C. lower for the 
butt-rotting fungi. The fungi appeared to have the power of regulating to some 
extent the moisture content of the wood to a level more suitable for their develop- 
ment. There is evidence of a relationship between the maximum growth of the 
fungi on agar and their maximum development in wood. The possibility that 
adaptation to different host environmental conditions might explain differences 
in the moisture and temperature requirements of the fungi is discussed. 


Introduction 


Information on moisture within the heartwood of trees is not extensive, 
but it is sufficiently definite to indicate that seasonal and spatial fluctuations 
occur within the stems (3, 7), and in at least two instances these differences 
have been found to exert an important influence on the rate of progress of 
decay fungi (6, 8). Recent investigations of the moisture requirements of 
Coniophora puteana (Schum. ex Fr.) Karst. and the results of studies to 
determine the pattern of the distribution of moisture in subalpine spruce*® have 
shown that the absence of decay in certain trees and on certain sites may be 
due to the lack of available water in the heartwood and to the specific require- 
ments of the fungi (6). Because these tests were made with only one fungus, 
while several other species of fungi comprise the decay flora of subalpine 
spruce, it seemed that it would be useful to find out whether the principal 
decay fungi in this host differed in their moisture requirements. A comparison 
of the moisture and temperature requirements of fungi that cause butt rots 
in trees and fungi that normally attack the upper portion of the stems was 
also made, since it was thought that this information might throw light on 
the specific behavior of these fungi in certain situations. 


Materials and General Methods 


Decay at different moisture levels was tested on blocks of spruce heartwood 
(Picea glauca (Moench) Voss) measuring 1 X 1 X } in. which were sawn in 
sequence in series of nine from air-dry samples obtained from a single section 
of wood of about 0.34 specific gravity. The procedure for studying the rate 
of decay in culture is very similar to that used by the author in previous 
investigations (4, 5), and the reader is referred to these papers for a more 

1Manuscript received August 2, 1957. 

Contribution No. 413 from the Forest Biology Division, Science Service, Department of 
Agriculture, Ottawa, Canada. 

*Forest Biology Laboratory, Calgary, Alberta. ; 

‘Subalpine spruce refers collectively to the following species of spruce found in the Rocky 
Mountain Forest Reserve: Picea glauca (Moench) Voss, P?. mariana (Mill.) B.S.P., P. engel- 
mannii Parry, and P. glauca (Moench) Voss var. albertiana (S. Brown) Sarg. 
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detailed description. Two holes were drilled halfway through each test 
block to take the water amendment and a plug of wood inoculum. The 
moisture content was determined for one block from each sample, then as- 
suming that this was applicable to the sister blocks, the oven-dry weight for 
the remainder of the test blocks in each sample was calculated. The blocks 
were surface-sterilized with propylene oxide gas, placed in sterile screw-top 
jars (5.5 cm. X 5.5cm.), and water was added to the blocks to give the following 
initial moisture contents (oven-dry weight): 27, 35, 45, 60, 100, 125, 150, and 
175%. Inoculations were made by placing a plug of wood, previously in- 
cubated with the test fungus for 3 months, into the cavity provided for this 
purpose. Data about the cultures used in this investigation are given in 
Table I. Tests were made in triplicate, except for Fomes pini (Thore ex Fr.) 
Karst. and Polyporus tomentosus Fr., which were used in duplicate. The 
decay cultures were kept in a saturated atmosphere under belljars for 3 
months. Where it was necessary to maintain a uniform moisture content 
at 27% of the oven-dry weight, the blocks were kept at a constant relative 
humidity of 98% by the use of a saturated solution of Pb(NQOs3)2 instead of 
water in the belljars. After 3 months, the mycelium adhering to the surface 
of the blocks was carefully removed with a brush, the plugs of inoculum 
removed, then the blocks were weighed, oven-dried at 105° C. for 24 hours, 
and reweighed. The mean moisture contents, i.e., the averages of the initial 
and final moisture content values, were expressed as a percentage of the oven- 
dry weight and as a percentage of the amount of water present at saturation, 
and the loss in weight of the blocks was expressed as a percentage of the 
original oven-dry weight. 


TABLE I 
SOURCE OF CULTURES 


Culture 
Fungus No. Host Locality 


Coniophora puteana 


(Schum. ex Fr.) Karst. cs Picea glauca Wasagaming, Manitoba* 
Flammula connissans Fr. A300 i _ Nordegg, Alberta 
Polyporus tomentosus Fr. A79 ee Eagle Creek, Alberta 
Unknown Ct T173 . si Bow River Forest, Alberta 
Fomes pini 

(Thore ex Fr.) Karst. E24 A i Clearwater Forest, Alberta 
Stereum sanguinolentum 

Alb. & Schw. ex Fr. A94 Pes Otter Creek, Alberta 
Peniophora septentrionalis Laur. A90 as Eagle Creek, Alberta 


Coryne sarcoides 
(Jacq.) Tul. r15 Bow River Forest, Alberta 

LZ ” " Lac La Biche, Alberta 

C103 Pinus contorta 

var. latifolia Strachan, Alberta 








*Collected by members of the Forest Biology Laboratory, Saskatoon, Sask. 
Designation used by Dr. M. K. Nobles, Senior Mycologist, Ottawa, Canada, pending the 
identification. 
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The effect of temperature on the growth of the fungi was studied on plates 
containing 2% malt extract agar. The tests were made in duplicate at 
temperatures of 4°, 10°, 20°, 25°, 30°, and 35°C. Two measurements at 
right angles to the diameters of the colonies were made at the end of 7 and 
14 days. The difference between the measurements which represented the 
growth during the 2nd week was used to calculate the mean daily growth of 
the cultures. 


Experimental Results 
Moisture 


Table II records the initial and final moisture contents in wood blocks which 
were inoculated with seven different wood-destroying fungi. Changes in 
the moisture content that took place in uninoculated controls are recorded 
for comparison. 

It is apparent that, with the exception of the blocks inoculated with 
Coniophora puteana, there was a considerable loss of water in the blocks which 
had initial moisture contents greater than 45% of the oven-dry weight. This 
was apparent particularly in the two series infected with Peniophora 
septentrionalis Laur. and Stereum sanguinolentum Alb. & Schw. ex Fr., 
although losses of water also occurred at the higher moisture values for the 
four remaining fungi, and in the controls. In contrast, the blocks inoculated 
with Coniophora puteana showed a gain of water at each moisture level; this 
suggested that the moisture relations of this fungus, which causes a brown 
butt rot, and the other six fungi, all of which cause white rots in wood, are 
fundamentally different. It has been reported by Cartwright and Findlay (2) 
and by Bjérkman (1) that Coniophora puteana requires a relatively high 
moisture content for growth in wood. These results might indicate, therefore, 
that Coniophora puteana has the power to regulate the moisture content to 
a level more suitable for its growth. Whether this characteristic of Coniophora 


TABLE II 


THE MOISTURE CONTENTS OF WOOD BLOCKS DECAYED BY SEVEN SPECIES 
OF WOOD-DESTROYING FUNGI, AT THE END OF THREE MONTHS 


Final moisture contents (% dry wt.) at various initial moisture levels 


Test fungus 27 35 45 60 100 125 150 175 
White rots 
P. septentrionalis 27.8 37.1 55.3 40.3 70.4 77.8 110.6 129.3 
S. sanguinolentum 26.8 34.0 46.7 44.5 70.3 96.3 133.0 136.7 
F. pins 31.8 39.9 45.2 52.8 89.1 98.6 153.1 157.5 
P. tomentosus 27.0 34.3 46.3 52.9 94.6 112.4 142.6 126.6 
Unknown C. 26.1 34.1 45.8 Si.3 62.8 91.9 119.8 118.5 
F. connissans 25.3 35.2 41.5 55.2 94.6 116.2 137.3 160.6 
Average 27.4 35.7 46.8 49.5 80.3 98.8 132.7 138.2 
Gain or loss (+ —) + 0.04 + 0.7 + 1.8 —10.5 ip.7 — 26.2 — 17.3 — 36.8 
Brown rots 
C. puteana 27.2 39.6 St .7 728 113.6 135.1 168.4 203.5 
Gain or loss (+ —) + 0.2 + 4.6 + 6.7 +12.2 + 13.6 + 10.1 + 18. + 28.5 
Uninoculated 
control 27.0 35.1 43.2 46.7 90.3 104.0 137.3 141.9 
Gain or loss (+ —) 0.0 + 0.1 — 1.8 + 1.7 — 9.7 21.0 — 12.7 — 33.1 





Note: By substitution in the following formula, approximate moisture contents in terms of percentage of 
saturation may be obtained 
@ saturation (0.35x — 9.80) /0.6745, where x is the moisture content expressed as \% of dry weight. 


€ 
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puteana is associated with the ability to produce water by its respiratory 
activities, as shown for Merulius lacrymans (Wulf.) Fr. (the dry rot fungus), 
is not known, but Coniophora puteana characteristically produces thick strands 
of mycelium which might have the power to absorb moisture from a saturated 
atmosphere and then conduct it to the wood in which it is growing. 


In addition to the irregularities in moisture content that are noted above, 
irregularities frequently occurred in the moisture and decay values between 
replicates; thus attempts to obtain a relationship between moisture and decay 
based on averages at each moisture level were unsuccessful. It was found 
more practicable to arrange the data into five or six moisture content classes 
(percentage of saturation), and then to calculate the average moisture and 
decay values for each class. These values were plotted on semilogarithmic 
graph paper with decay values at logarithmic values on the ordinate axis,‘ 
and rough curves were drawn through the points. The curves were adjusted 
so as to obtain minimal deviations for the individual decay values and then 
redrawn as smooth curves to show the characteristic relationship between 
moisture and decay for each of the seven fungi. The curves obtained for the 
six fungi which cause white rots in wood are shown in Fig. 1. For comparison, 
the three curves for the fungi causing butt rots are shown on the left of the 
figure and the curves for the fungi causing trunk rots are on the right 

Most of the fungi showed a similar ability to cause decay under laboratory 
conditions. Peniophora septentrionalis was responsible for the greatest decay 
among the six white-rot fungi, causing a maximum loss in weight of nearly 
4%, and this occurred in wood which was about 40° saturated. Fomes pini 
caused the smallest loss in weight in the blocks, but tests with this fungus were 
unsatisfactory because only eight out of a total of 20 blocks were successfully 
infected. Although these results were not strictly comparable with the results 
for the other fungi, there was evidence that maximum decaying activity for 
Fomes pini occurred at a moisture content of about 10°% of saturation. The 
maximum decay values obtained for the remaining fungi represent a loss 
in weight of about 2%, and this occurred in wood at moisture contents ranging 
from 29.5° % for Stereum sanguinolentum to 44% for Flammula connissans Fr. 

The relationship between moisture and decay for the brown-rot fungus 
Coniophora puteana is shown in Fig. 2. This fungus undoubtedly caused 
the greatest decay in these tests, and was responsible for a maximum loss in 
weight of about 12% in samples with a moisture content of 35.2% of saturation. 

From the curves it is seen that the optimum moisture values for the seven 
fungi ranged from 10 to 44% of saturation; the two trunk-rotting fungi 
Fomes pint and Stereum sanguinolentum reached their maximum development 
at the lower end of this scale. To determine whether the optimum moisture 
content values bore any relation to the specific behavior of the fungi, these 
values were compared for the four butt-rotting and the three trunk-rotting 
fungi. The average moisture optimum for decay for the four butt-rotting 


‘A logarithmic scale divided into two cycles was used to reduce the spread of values obtained 
for the different fungi, and to make comparisons easier. 
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Fic. 1. Characteristic curves showing the relationship between the loss in weight due 
to decay by three butt-rotting (first column) and three trunk-rotting (second column) fungi 
and the moisture content of test blocks of spruce heartwood at the end of 3 months. 
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Fic. 2. Curve showing the relationship between the loss in weight due to decay by 
Coniophora puteana and the moisture content of test blocks of spruce heartwood at 
the end of 3 months. 


fungi occurred at 37.9% of saturation, or 104% of the dry weight (assuming 
the specific gravity to be constant in the samples at 0.35), whereas the average 
value for the three trunk-rotting fungi was 26.3%, or 78.0%, respectively. 
Thus, the fungi which occurred in the root or butt regions of the trees appeared 
to need a higher moisture content for maximum development than that 
required by the fungi which normally occur higher in the trees. Of the three 
trunk-rotting fungi, Peniophora septentrionalis needed a much higher moisture 
content for maximum development than the other two fungi, although in 
Peniophora septentrionalis maximum activity extended over a wider moisture 
range. 


Temperature 

Cartwright and Findlay (2) are of the opinion that for practical purposes 
the cardinal temperatures for the growth of a fungus on wood are approxi- 
mately the same as those determined from measuring its growth on agar. 
Therefore, the effect of temperature on growth of the fungi on plates containing 
2% malt extract agar was studied. Temperature-growth curves for the 
seven species of wood-destroying fungi used previously in the moisture experi- 
ment, and for cultures C103, L2C, and T157 of Coryne sarcoides (Jacq.) Tul., 
are shown in Figs. 3, 4, and 5. 

First, considering the curves for the seven wood-destroying fungi, one can 
see that the three trunk-rotting fungi (shown on the right of Fig. 3) have 
temperature optima of about 25° C., whereas maximum growth for the four 
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Fic. 4. Daily radial growth of cultures of Coryne sarcoides from Picea glauca (L-2-C, 
T157) and Pinus contorta (C-103), on 2% malt agar for 14 days, at various temperatures 
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Fic. 5. Daily radial growth of Coniophora puteana on 2% malt agar for 14 days, at 
various temperatures, 
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butt-rotting fungi (including Coniophora puteana, Fig. 5) occurred at lower 
temperatures, at about 20°C. It is noteworthy that maxima for the four 
butt-rotting fungi occurred at 30°, while two of the trunk-rotting fungi, 
Peniophora septentrionalis and Fomes pini, had temperature maxima above 
30°. The strain of Stereum sanguinolentum used in these tests showed an 
optimum at 25° and a maximum at 30°. Cartwright and Findlay (2), however, 
found that the optimum for a British strain of Stereum sanguinolentum was 
between 20° and 24° and the maximum for growth was 36°. Percival (9), 
presumably using a North American strain of Fomes pini, found the optimum 
temperature for growth to be 25°, and the maximum for growth 35°. There 
were no comparable data available for the four remaining species of fungi 
that were tested. 

As far as evidence is available, the results indicate a much higher temperature 
range for fungi which cause trunk rots than for those which cause butt rots, a 
characteristic which could be of considerable ecological importance in the 
determining of the relative dominance of these fungi in certain parts of the 
trees. 

There was evidence also of a relationship between the maximum growth of 
the fungi on agar and their maximum development in wood (Figs. 1, 2, 3, 
and 5). Of the three trunk-rotting fungi, Peniophora septentrionalis showed 
the fastest growth rate on agar and also caused the most decay in the wood 
test blocks, while Fomes pini showed the slowest growth on agar and caused 
the smallest amount of decay. A similar trend was observed between growth 
on agar and decay for the butt-rotting fungi where growth on agar and in 
wood increased from a minimum for Flammula connissans to a maximum for 
Coniophora puteana. 


A comparison of the temperature requirements for growth for three Canadian 
strains of Coryne sarcoides (Fig. 4) showed an interesting relationship between 
the geographic and host origin of the cultures and their particular temperature 
requirements. A culture of C103 showed the widest temperature range with 
maximum growth occurring at 35°C. This isolate was collected on Pinus 
contorta var. latifolia, a host which commonly occurs on warm, dry sites. On 
the other hand, the cultures of T157 and L2C which were isolated from spruce, 
a host which is generally associated with moist, cool conditions, had ap- 
preciably narrower temperature ranges for growth. The culture of T157 
which showed a temperature optimum for growth at 20° came from a subalpine 
location, and the culture of L2C which showed a higher temperature optimum 
was collected at a much lower, and more temperate, elevation. 


The association of the strains of Coryne sarcoides with certain hosts appears 
to be largely due to their ability to tolerate particular host-temperature 
conditions which are necessary for their development. In this respect, their 
behavior appears to correspond to the specific behavior shown by the wood- 
destroying fungi regarding their temperature requirements and their occurrence 
in the trees. 
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Discussion 


The differences in the moisture and temperature requirements for butt- and 
trunk-rot fungi seem to be related to their specific behavior in the trees. These 
studies show that the most favorable moisture range for decay by butt-rotting 
fungi lies between 34 and 44% of saturation, while that for the trunk-rotting 
fungi is lower and lies between 11 and 39% of saturation. Moreover, butt- 
rotting fungi were found to produce higher moisture contents as a result of 
their growth in the wood than those produced by the trunk-rot fungi. This 
might indicate adaptation by the butt-rot fungi to a wetter environment since 
moisture contents are generally higher in the lower part of the trees (6). 

Studies made with the fungi on agar plates at various temperatures show 
that the optimum and maximum temperatures for the species of butt-rot 
fungi are about 5° C. lower than those for the species of trunk-rot fungi. It 
is of some interest that differences of the same order have been found in the 
stem temperatures of conifers. Sarahov (10) has reported that in Pinus 
sylvestris L. the stem temperature tends to be higher at 4.5 ft. from the 
ground than at ground level, and in July he observed differences of 5° C. on the 
south side of the trees. It may well be that both the moisture and temperature 
conditions in the trees are of considerable ecological importance in the deter- 
mining of the relative dominance of fungi in certain situations. 
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PHOTOSYNTHESIS AND METABOLISM OF MARINE ALGAE 


I. PHOTOSYNTHESIS OF TWO MARINE FLAGELLATES COMPARED 
WITH CHLORELLA! 


R. G. S. BIDWELL 


Abstract 


The products of photosynthesis of two marine flagellates have been examined 
and compared with those of Chlorella pyrenoidosa with the use of radioactive 
carbon and chromatographic techniques. The alcohol-soluble products were 
different in each alga, many of the compounds produced by the marine forms 
being unidentified. |The principal soluble product of photosynthesis of a 
member of the Heterokontae, Olisthodiscus sp., was identified as d-mannitol. 
Those of a dinoflagellate, Amphidinium carteri, include glycosides of glucose 
and mannitol. ‘The main insoluble carbohydrate produced by all three organisms 
gave rise to glucose on hydrolysis; this only contained about ten per cent of the 
total fixed carbon. The radioactive compounds released from the alcohol- 
insoluble residues by acid hydrolysis were similar in the three algae and consisted 
mainly of amino acids. 


Introduction 


The process of photosynthesis has been extensively studied in land plants 
and fresh-water algae; little attention has so far been paid to marine forms. 
It is evident that the metabolic patterns of marine algae differ in varying, 
possibly fundamental, degrees from the conventional patterns of higher 
plants (2), and the present study is being undertaken to examine a number 
of aspects of algal metabolism. This paper reports a preliminary investigation 
into the products of photosynthesis of two marine flagellates, and identification 
of d-mannitol as the main product of photosynthesis of one of them. 


Experiments and Results 


Two pure cultures of marine flagellates,? Amphidinium carteri (class Dino- 
phyceae, order Dinoflagellata), and Olisthodiscus sp. (class Heterokontae, 
order Heterochloridales), were grown for 2 weeks toa concentration of 10° to 10° 
cells per milliliter (by haemocytometer count) in the following medium: 
sea water, 1 1.; soil extract (equal volumes of garden soil and distilled water 
boiled and filtered), 30 ml.; KNO;, 100 mg.; NazHPO;.12H,O, 20 mg.; 
0.03°% ferric citrate, 1.0 ml.; with aeration. Aliquots to give 10’ cells were 
centrifuged for 5 minutes at 700 g, and the cells resuspended in 30 ml. o 
fresh medium. For comparison, 30 ml. of a rapidly growing culture of 
Chlorella pyrenoidosa,’ containing 7 X 10% cells, was used. The three cultures 
were placed in a light chamber at 23°C., 1500 ft-c. with water-screened 

1Manuscript received August 7, 1957. 

Contribution from the Atlantic Regional Laboratory, National Research Council, Halifax, 
Nova Scotia. 

Issued as N.R.C. No. 4506. 

*Cultures of these organisms were kindly supplied by Dr. J. H. Ryther, Woods Hole 
Oceanographic Institution, Woods Hole, Mass. 
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incandescent lamps, and 0.250 ml. of NazC™“Os; solution were added to each, 
to give 1.0 mg. of Na2CO; and 5.0 microcuries (uc.) of C™ to each culture. 
After 4 hours the cultures were rapidly centrifuged, the cells extracted with 
hot 55% v/v aqueous ethanol, and the extracts concentrated to a small volume 
in vacuo. The ethanol-insoluble residues were hydrolyzed overnight in 
boiling 3 N HCl, repeatedly evaporated to dryness in vacuo to remove HCl, 
and redissolved in small volumes of water. Aliquots of extracts and hydroly- 
zates were chromatographed on Whatman No. 1 filter paper in (1) phenol: 
water ::5:2 at pH 5.4 and (2) butanol :acetic acid : water ::9:1:4 
(B.A.W.). The chromatograms were radioautographed on Kodak No-screen 
X-ray film; the resulting radioautograms are shown in Fig. 1. 

This figure shows two main points: there are no major differences among 
the three algae in the distribution of activity in compounds of the hydrolyzed 
residue, and there are no major similarities in the soluble compounds. All 
three algae converted relatively large amounts of C' into combined amino 
acids; the distribution of activity among them was different mainly in degree. 
Somewhat less C was retained in the soluble fraction, and was distributed in 
an entirely different way in each alga. None of the major spots and only a 
few of the minor spots coincided, and many of the normal or expected spots 
found in Chlorella were absent in the marine forms. Several of the compounds 
made radioactive by the marine species have not yet been identified. The 
main soluble photosynthetic product of Olisthodiscus sp. has been shown 
to be d-mannitol in the following manner. 

Twelve 3-liter cultures of Olisthodiscus were grown for about 2 weeks, 
when the concentration was about 4.5 X 10° cells per milliliter. The cells 
were collected in a Sharples centrifuge and extracted at once with about 
one liter of 55% v/v aqueous ethanol. The mixture was boiled briefly, 
then allowed to cool with shaking for several hours. The cells were centrifuged 
out, and the extract was evaporated in vacuo to a small volume which was 
streaked to the short edge of 14 Whatman No. 3MM filter papers. A small 
amount of extract from a culture which had carried on photosynthesis in 
CO. was added at three points on each chromatogram. This extract 
contained radioactive material which served as markers for the subsequent 
elution of the mannitol. The chromatograms were run downward in phenol: 
water ::5 :2: for 36 hours, air-dried, and the appropriate band eluted from 
each paper with water. The eluate was concentrated in vacuo, streaked to 
four Whatman No. 3MM papers, and run downward in B.A.W. solvent 
for 48 hours. The chromatograms were air-dried and the main radioactive 
band was eluted from each paper with water and the eluate concentrated 
in vacuo. A crop of needle-shaped crystals was obtained on the addition of 
ethanol; these were recrystallized from 75% ethanol on the addition of ether, 
washed with ethanol and ether, and then dried. Yieid, 70 mg.; melting 
point (Kofler m.p. apparatus, corrected), 166-167° C., authentic mannitol, 
166-167° C.; mixed melting point with authentic mannitol, 165.5-167° C.; 
[a] —0.3° (c = 2.0, in water), +27.5° (c = 2.0, in borax); published values 
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—0.25° and +28.3°. The substance co-chromatographed with authentic 
mannitol in butanol:acetic acid: water, phenol: water, and butanol:ethanol: 
water solvents. A small amount of strongly radioactive material prepared 
from a CQO, feeding to the cells was identified both with authentic mannitol 
and with the isolated mannitol by “‘fingerprinting”’ in three solvents (5). 

In a second photosynthetic experiment cultures of 4. carteri, Olisthodiscus 
sp., and C. pyrenoidosa were supplied with 10 yc. of C“O,. by bubbling air 
containing 1% COs, through the media in closed systems. After 12 hours, 
when the cells had taken up 50 to 80% of the offered C™, the cultures were 
centrifuged and the cells were killed, extracted, and hydrolyzed as in the 
first experiment. Extracts and hydrolyzates were chromatographed and 
autographed as before, and the main radioactive spots were cut out and 
eluted with water. Aliquots were plated on aluminum planchets and counted 
in a gas-flow counter. The results are shown in Table I. 


TABLE I 


DISTRIBUTION OF ACTIVITY AMONG SOLUBLE AND INSOLUBLE COMPOUNDS IN TWO MARINE 

FLAGELLATES, Amphidinium carteri AND Olisthodiscus SP., COMPARED WITH Chlorella pyrenoidosa 

AFTER PHOTOSYNTHESIS IN COs. RESULTS AS % OF TOTAL ACTIVITY TAKEN IN. APPROXIMATELY 
10% OF THE ACTIVITY TAKEN IN WAS UNACCOUNTED IN EACH ALGA 


Alcohol soluble Insoluble residue, after hydrolysis 
Compound A. carteri Olisthodiscus C. pyrenoidosa A. cartert Olisthodiscus C. pyrenoidosa 
Mannitol 1.02 34.7 
Sucrose 18.7 - 
Aspartic acid 0.59 0.33 0.47 3.94 3. 4.67 
Glutamic acid Fe 1.07 4.77 4.68 4.27 4.11 
Glutamine 0.34 1.59 0.71 
Serine 0.33 3.20 2.79 3.50 
Glycine 3.45 2.96 3.97 
Threonine 0.37 2.56 2.63 3.04 
Alanine 0.44 0.56 4.44 3.94 7.02 
Valine 4.68 3.61 5.61 
Leucines 4.54 4.11 6.31 
Arginine - 0.84 1.18 2.46 2.10 
Histidine 0.89 0.66 
Lysine 1.53 0.98 1.75 
Tyrosine 1.07 1.81 3.27 
Tryptophan 0.59 0.71 0.93 
Phenylalanine 3.47 2.88 3.27 
Unknowns 35.0 12.31 1.87 10.21 2. 7.84 
otal 39.6 50.0 28.6 50.4 40.1 57.4 


The distribution of activity was similar to that found in the first experiment 
(Fig. 1). Chlorella produced more protein than did the marine forms, probably 
owing to its more rapid growth, but the quantities of combined amino acids 
were similar in the three algae. As noted earlier, there were profound 
differences in the soluble compounds. Most of the soluble activity in Chlorella 
was in sucrose; nearly all the remainder was in a few amino acids, mostly 
glutamic acid. In Olisthodiscus, mannitol was predominant, but there were 
a number of other compounds whose identity was not known. Some activity 


was associated with pigmented compounds. A. cartert produced somewhat 
less soluble material, the bulk of it unidentified. Only very small amounts 
of three or four amino acids were formed by either marine flagellate. 
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TABLE II 


UNKNOWNS FROM CHROMATOGRAMS OF EXTRACTS AND HYDROLYZATES OF 
Amphidinium carteri, Olisthodiscus, AND Chlorella pyrenoidosa 








Ritctes i: Where found* Products 
———_———————__ ——— ——_______—_——— —_—— of 

No. Phenol B.A.W. Amphidinium  Olisthodiscus Chlorella hydrolysis 
U 5 1.36 25 R R R - 
U 9 1.62 0.85 x, me X, R == Mannitol, unknowns 
i 0s 0.79 1.70 R R —-- 
U 16 0.92 1.70 - X — —_—— 
U 32 0.65 0.28 = 3 Mannitol, an unknown 
U 36 1.37 22 xX - Glucose, an unknown 
U 37 1.54 2.09 - +4 - - - 
U 38 0.25 0.33 x - - Glucose, unknowns 
U 39 0.53 0.12 — X - Mannose, glycerol 
U 40 1.54 0.45 = x - - 
U 41 1.62 0.14 = xX - - 





*X = alcohol extract, R = hydrolyzed residue. 


A list of some of the main unknown compounds is given in Table IT, together 
with their Rajanine Values (distance moved by the spot divided by the distance 
moved by alanine on the same chromatogram). Acid hydrolysis of some 
of these spots (NV HCl, 100° C., 3 hours) shows that they are glycosides of 
glucose, mannose, and mannitol. Hydrolysis of the “ 
rise mainly to glucose in both marine flagellates. 


origin’”’ material gave 


The acid treatment of the residues in these experiments would probably 
have destroyed any carbohydrates they contained, thus activity in storage 
carbohydrates would be lost. One may see from Table I that about 10-15% 
of activity taken in by the algae was unaccounted. To determine what 
proportion of photosynthetic carbon was incorporated into polysaccharides, 
a third experiment was performed, in which cultures of the three organisms 
were permitted to carry on photosynthesis with CQO, in the same manner as 
in the previous experiments. The cells were then extracted with boiling 
85°° v/v ethanol, and the amounts of activity in the extracts were determined. 
The alcohol-insoluble residues were hydrolyzed for 3 hours at 100° C. with 
N HCl. Acid was removed from the filtered hydrolyzate by repeated 
evaporation to dryness in vacuo. Aliquots were chromatographed and radio- 
autographed, and the radioactive spots eluted, plated, and counted. The 
distribution of activity in the various fractions is shown in Table III. 

The hydrolyzates contained 13 to 19° of the total incorporated activity, 
of which two-thirds was glucose. Small amounts of activity were found in 
arabinose, xylose, and sometimes, ribose. Larger amounts of ninhydrin- 
reacting unknowns probably represent partial breakdown products of proteins. 
The amount of activity found in carbohydrates is in close agreement with 
the activity lost in the second experiment. Uronic acids would have been 
destroyed by the acid treatment; they cannot have been formed in significant 
amounts during the relatively short period of photosynthesis in this experiment. 
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TABLE III 
DISTRIBUTION OF ACTIVITY IN Amphidinium cartert, Olisthodiscus sP., 
AND Chlorella pyrenoidosa AFTER PHOTOSYNTHESIS IN C#O,, 
RESULTS AS % OF THE ACTIVITY TAKEN IN 











1. carter Olisthodiscu C. pyrenotdos 
Alcohol extract 37 7 29 
Mild hydrolyzate of residue: 13 15 19 
Glucose 8 10 10 
Pentoses 2 1 1 
Unknowns (react with ninhydrin) 3 + 8 
Discussion 


Mannitol has long been known as a major constituent of brown algae and 
it has been suggested, but without substantiation, that this sugar alcohol is a 
product of photosynthesis in Fucus, Laminaria, and related species (1, 2, 4) 
That it is the main carbohydrate product of photosynthesis in Olisthodiscus 
is of importance since the Heterokontae are said to form pectic compounds 
and oil or fats as the main structural and reserve compounds (3). Nothing 
is yet known of the route of its formation; no free radioactive fructose, 
glucose, or mannose has been observed on chromatograms of extracts. One 
unknown, U 39, yielded mannose and glycerol on hydrolysis; mannitol was 
also released from unknowns by hydrolysis. That glucose is the main 
insoluble carbohydrate indicates the formation of a_ starch-like reserve 
carbohydrate, not oil or fat as has been stated. 

The interesting point about A. cartert is the lack of identifiable soluble 
carbohydrate as a product of photosynthesis. A number of the unknown 
spots have been shown to contain carbohydrates, apparently as glycosides. 
It has been stated that the reserve carbohydrate of dinoflagellates is starch 
2), and liberation of glucose on hydrolysis of the residue substantiates this. 
However, in view of the nature of the soluble compounds formed, it is possible 
that the intermediates of starch synthesis are different in this plant from those 
in land plants. 

The amounts of polysaccharide formed by the algae were small compared 
to that which would be expected in a higher plant. It would appear that 
carbohydrate is not a major reserve product in any of the algae tested; most 
of the insoluble radioactivity was concentrated in proteins. However, since 
all the cultures were in an active state of growth during the experiments, 
this is not unexpected. 

The large amount of activity associated with a brown pigment, particularly 
in Olisthodiscus (U 41 in Fig. 1, 8), is of interest. Either the pigment was very 
extensively produced during the experiment from the supplied C' (which 
does not appear likely), or some product of photosynthesis remained closely 
bound to the pigment. Some activity is associated with the green pigment of 
Chlorella which runs close to the front in both solvents (not visible in Fig. 1 
but this is mainly lipid. Almost no such lipid material was formed in the 


marine flagellates. 
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The fundamental nature of the protein synthesis reactions is indicated by 
the similar distribution of activity among protein amino acids in the three 
algae, in spite of the dissimilarity of their carbohydrate metabolism. However, 
this similarity was in no way reflected in the soluble nitrogen compounds. 
In those few free amino acids which became labelled the activities were 
relatively low, nor did they reflect in amount the labelling of corresponding 
protein amino acids. It is probable that protein synthesis takes place in 
these organisms directly from immediately assimilated carbon and not from 
soluble amino acids, in the same manner as has been postulated for higher 
plant tissues (6). 
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CYTOTAXONOMY OF SECTION PSAMMELYMUS OF THE 
GENUS ELYMUS' 


Wray M.. BowpDEN 


Abstract 


Comparative studies were made on the morphology of herbarium specimens 
and plot-grown plants of three species of Elymus L. in section Psammelymus 
Griseb. in Ledeb., namely, E. racemosus Lam., E. arenarius L., and E. mollis 
Trin. The three species were morphologic ally and geographically distinct. 
Elymus racemosus, a tetraploid species (2n= 28), occurs from Eastern Greece 
to Altai. Elymus arenarius is a Northern European species that is octoploid 
(2n=56); it occurs in Iceland and has been introduced to the west coast of 
Greenland and widely separated localities in North America. Elymus mollis 
(2n=28) has a wide distribution from the North Pacific coasts to Southern 
Greenland and rarely Iceland; it occurs in the Arctic from the Taimyr Peninsula 
to West Greenland. In E. mollis, there are three subspecies: (1) subsp. mollis 
including var. mollis f. mollis, f{. simulans f. nov. and f. scabrinervis f. nov. and 

var. japonicus var. nov.; (2) subsp. villosissimus (Scribn.) Léve; and (3) subsp. 
interior (Hultén) comb. nov. The Asiatic species, E. angustus Trin. and E. 
dasystachys Trin., are related to these three species. Elymus & vancouverensis 
Vasey appears to be an interspecific hybrid complex that originated from the 
hybridization of E. mollis var. mollis and probably E. triticoides Buckl., which is 
also tetraploid (2n=28). In E. X vancouverensis, there are three nothomorphs: 
nm. vancouverensis (2n=42), nm. californicus nm. nov. (2n=42), and nm. 
crescentianus nm. nov. (2n=28). 


Introduction 


Diverse opinions have long been held by different botanists concerning 
the relationship of the Northern European species Elymus arenarius L. and 
the North Pacific - North American species £. mollis Trin. Many authors 
have regarded the latter taxon as a geographical variety of the European 
species and have called it Elymus arenarius L. var. villosus E. Meyer. St. John 
(34) wrote that ‘‘the older herbarium-sheets of FE. arenarius, var. villosus 
show an interesting tide of opinion, almost all giving evidence of numerous 
alterations of the name by different workers from E. mollis to E. arenarius and 
back again.’’” Additional names have added to the nomenclatural confusion, 
for example, E. arenarius L. subsp. mollis (Trin.) Piper for the North American 
species, and for the Arctic plants, E. arenarius L. var. villosissimus (Scribn.) 
Polunin or E. mollis Trin. subsp. villosissimus (Scribn.) Love. 

The present study was begun in 1948 when material of northern grasses 
was collected by the field staff of the Botany and Plant Pathology Laboratory. 
Herbarium specimens, living plants, and seeds of E. mollis Trin. were collected 
at numerous localities in Canada and Alaska, and material of E. & vancouver- 
ensis Vasey was obtained from British Columbia and California. Specimens 
and viable seed of the Northern European species, E. arenarius L., were 
collected by several European botanists and living material of introduced 
plants was obtained from three localities in North America. Cultivated 

1Manuscript received March 5, 1957. 
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material of the Asiatic species E. racemosus Lam., E. angustus Trin., and E. 
dasystachys Trin. was obtained from several sources. Seeds of E. triticoides 
Buckl. were sent by Dr. G. L. Stebbins, Jr. The collections were planted in 
the experimental plots of the Dominion Arboretum and were grown to matur- 
ity. Almost all of the plants produced flowering culms. Studies were made 
on plant morphology, geographical distribution, chromosome number and 
morphology, self- and cross-fertility, and time of flowering. More than 900 
sheets of dried specimens were examined from seven North American and 
three European herbaria. More than 500 specimens were in the E. mollis 
complex; more than 100 specimens were E. racemosus and more than 270 
specimens were E. arenarius. Detailed studies were made on the range of 
morphological variation within each species and these data were related to 
geographical distribution. 


Materials and Methods 

Taxonomy 

The botanical literature was searched to locate names that have been used 
for E. racemosus Lam., E. arenarius L., and E. mollis Trin. during the past 
two centuries. Particular attention was paid to the original authors’ descrip- 
tions and to type specimens and type localities. Type or authentic specimens 
or photographs of type specimens were studied when they could be obtained. 
In examining the morphology of the specimens, I used a Spencer stereoscopic 
microscope equipped with a measuring grid; it was very helpful for the 
study of the surfaces of leaf blades and the culms, spikes, and spikelets. In 
the classification of the specimens, the sheets that closely resembled the 
type specimens were sorted into groups, and any remaining unclassified 
specimens were examined to determine if they were sufficiently distinct to 
require new names. Annotation labels were fixed to all specimens, including 
those in the Divisional Herbarium (DAO) and the specimens on loan from 
other institutions. The symbols designating the herbaria in which the 
specimens are permanently deposited are those of Lanjouw and Stafleu (18). 
Outline maps were prepared to illustrate distribution patterns. In plotting 
the geographical ranges, representative stations were selected and conse- 
quently the locations of only a portion of the specimens studied are shown 
on the maps. Numerous languages had been used on the specimen labels 
and it was necessary to obtain assistance in deciphering some of them. Most 
of the localities were plotted without difficulty. The staff of the Geographical 
Branch of the Mines and Technical Surveys Department provided information 
on some of the remote locations. 


Cytology 

Plants of the Elymus species were grown in the Arboretum plots and in 
pots in the greenhouse and outside frames. Root tips were usually obtained 
from potted plants. Somatic chromosome numbers were determined in 
permanent section-smears prepared by the crystal violet method described in 
schedule B of Bowden (5). The schedule was shortened by omitting some 
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of the water washes. Before fixation, the root tips were pretreated in cold 
water to shorten the chromosomes in the preparations used in making the 
photomicrographs (except for Fig. 30). 


Experiments on Transplanted Material 

Plants of the accessions studied cytologically were planted in well-drained 
rows in a uniform plot from 1953 to 1955 and were studied in the springs 
and summers of 1954 to 1956. This method proved to be very helpful 
because it was possible to observe morphological characteristics of the living 
plants by which the taxa could be better distinguished. Comparisons were 
made on similarities and differences between the plot-grown plants of these 
accessions and the corresponding field specimens. These comparisons made 
it possible to ascertain which morphological differences were of the greatest 
taxonomic value and the data were used in rechecking the taxonomic studies. 
Particular attention was paid to morphological differences in the vegetative 
portions of the plants, especially the leaf blades, and to differences in the 
culms, spikes, and spikelets. Plot and field specimens have been preserved 
in the Divisional Herbarium. Dates of blooming were observed for several 
years. Self- and cross-fertility of some plants were tested for several years 
by controlled pollination techniques and some observations were made on 
open-field-pollinated spikes. 


Results 
Taxonomy 
Etymus L. section PSAMMELYMUS Griseb. in Ledeb. Fl. Ross. 4:331—334. 
1853. 


Sect. Psammelymus Hack. in Engler, A. and Prantl, K., nat. Pflanzf. II. 
Teil. 2. Abt.:88. 1887. 

Sect. I. Leymus (Hochst.) Nevski and Sect. II. Megalostachys Nevski, 
Acta Inst. Botan. Acad. Sci. USSR, Ser. 1, Fasc. 2.:68. 1936. 

In section Psammelymus, Grisebach (l.c.) included species with awnless 
glumes and lemmas and with the glumes short- to long-pointed (E. arenarius, 
E. mollis, E. sabulosus, and E. giganteus); those with narrower, long-pointed, 
awnless glumes (E. angustus and E. ovatus); one species with short-awned 
glumes and lemmas (E. dasystachys); and three species that Nevski (27) 
transferred to Psathyrostachys. The latter author retained four species in 
the genus Elymus. Hackel (l.c.) mentioned E. arenarius L. in his section IIT. 
Psammelymus; it is a species with awnless glumes and lemmas, although the 
glumes tend to be long-pointed. 

Fernald (7) described the characteristics of section Psammelymus and 
noted that the glumes and lemmas were usually awnless and that the glumes 
were broadly lanceolate. He considered that the species of section Psam- 
melymus had well-developed rhizomes while the species with awned glumes 
and lemmas were tufted plants without extensive rhizome systems. In 
dried specimens and plot-grown plants, I have noted extensive and well- 
developed rhizomes in plants of E. racemosus, E. arenarius, E. mollis, E. X 
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vancouverensis, FE. triticoides, and E. dasystachys. Plants of E. angustus 
tended to form large clumps and did not cover large areas by the extensive 
spreading of underground rhizomes. 

The grouping of Elymus species into sections appears to be rather artificial. 
The characteristics of species of section Psammelymus that I have observed 
in material of E. racemosus, E. arenarius, and E. mollis are: glumes 3-5- 
nerved, broadly to narrowly lanceolate with membranaceous margins; glumes 
and lemmas usually awnless, but it owned, the very short awns merely the 
prolongations of the midnerves; leaf b!ades glabrous on the abaxial surfaces, 
the adaxial surfaces scabrous to glabrous with prominent parallel ridges with 
few to many ascending short scabrous unicellular hairs. 


Key to the Species of Section Psammelymus 
a. Spikelets at rachis nodes in groups of (2)—3—(4-5)—6-(7)—(8); glumes 
glabrous and very firm, strongly midnerved, narrowly lanceolate; distal 
halves of lemmas glabrous, the proximal halves pubescent.......... 
Me 4 OEP eT Te TCP eRe Tee 1. Elymus racemosus Lam. 
a. Spikelets usually paired at rachis nodes; apices of lemmas sparsely to 
densely pubescent, rarely glabrous towards the apices; glumes broadly 
CO TIAGROWIY—1ANCOOLAEC sso i.5 ces cc oe kee ce ee eee oe Ses ree b 
b. Glumes broadly-lanceolate; lemmas awnless....................... c 
c. Glumes 1—3-nerved, firm, glabrous or pubescent but at least glabrous 
towards the bases; culm tops below the first spikelets usually gla- 
brous but often with short areas, 1 to 5 mm. long, near the culm 
tops, with subadpressed hairs; culm collars glabrous or pubescent; 
thick sky-gray bloom on adaxial leaf blade surfaces............... 
Sterne Cote ree coe Er eae Lessswceees cade SNS Goomerwme L. 
c. Glumes (1—3)—5-nerved, pliant, densely to sparsely pubescent, or 
rarely with only scabrous unicellular hairs on the nerves, usually 
softly hirsute with long hairs; culm tops below the first spikelets 
usually with dense, short pubescence, rarely glabrous, and some- 
times with sparse to dense pubescence in short areas near culm tops 
(1 to 5 mm. long); culm collars usually short pubescent; adaxial 
leaf blade surfaces with only a very thin bloom, often invisible. . 
EE ea re eer ..3. Elymus mollis Trin. 
b. Glumes narrowly-lanceolate; lemmas short-awned................ 
See eer eee oe 4. Elymus X vancouverensis Vasey 
1. ELyMus RACEMOsUs Lam., Tabl. Encyc. Method. Illustr. Gen., Texte, 
1:207. 1792. Lamarck s.n., Type, P-LA! Photographs of type, 
DAO! non Elymus racemosus Poir., Encyc. Suppl. 2:546-547. 1812. 
FE. giganteus Vahl, Symbolae_ Botan. 3:10-11. 1794. (Type, C. 
Photograph of type, DAO!). 
Additional Names 
E. giganteus Vahl B attenuatus Griseb. in Ledeb. Fl. Ross. 4:332. 1853. 
E. giganteus Vahl 6 alterniflorus Regel. Bull. Soc. Nat. Mosc. 41, 2:283. 
1868. 
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I have insufficient information on the morphology of the type specimens 
for these last two names and cannot assign them with certainty. Two other 
names have been published without Latin descriptions and appear to be in- 
valid. They are: 

E. giganteus Vahl var. longiglumis Roshev. in Grossh. Fl. Cauc. Reg. 
1:364. 1939. 

E. giganteus Vahl var. pyramidatus' Grossh. in Grossh. Fl. Cauc. Reg. 
1:364. 1939. 

Excluded Names 

E. giganteus Vahl var. cylindraceus Roshev. Fl. Ross. Austr.-or., Acta 
Hort. Petropol. 40, 2:253. 1928. 

E. turgaicus Roshev. Fl. Ross. Austr.-or., Acta Hort. Petropol. 40, 2: 
253-254. 1928. 

Several specimens labelled with these names by Roshevitz were examined 
on loan (NY) and proved to belong to Elymus angustus Trin. in Ledeb., 
Fl. Alt. 1:119. 1829. Nevski (27) listed ‘‘E. turgaicus Roshev. in the Flora 
of the Southeastern part of the USSR II (1928) 253” in the synonymy of 
Aneurolepidium angustum (Trin.) Nevski, which is based on Elymus angustus 
Trin. in Ledeb. In the synonymy of A. angustum, Nevski (28) listed “FE. 
turgaicus Roshev. in herb. Inst. Bot. Acad. Sci. URSS, pro maxima parte.” 
Nevski (27 and 28) listed the following reference in the synonymy of E. 
giganteus Vahl: E. turgaicus Roshev., Tr. poczv. bot. exsp. II. 7 (1910), p. 
259. The latter is the only reference that I have been unable to examine 
during the present study and I have not seen any of Roshevitz’ 1910 specimens. 
Description of Elymus racemosus Lam. 

Many authors have used the name Elymus giganteus Vahl for this species. 
I have used the name Elymus racemosus Lam. because it appears to have 
been published earlier than FE. giganteus Vahl. It is difficult to establish 
the dates of publication of all the pages of volume one of Lamarck’s IIlustr. 
Gen. Texte of the Tabl. Encye. Method. Rothmaler (32) stated that pages 
1-29 were published in 1791 but was uncertain of the date for the rest of the 
volume. Mr. A. H.G. Alston (1) of the British Museum studied this problem 
and wrote: “It appears therefore, that vol. 1, pt. 2 of the Tabl. Encyl. appeared 
before the end of October 1792, and probably after 16 June 1792. 1792 was 
the date suggested by Kuntze.”’ 

Nevski (27) wrote a detailed description of this species. The following 
morphological characteristics were useful to me in identifying specimens of 
Elymus racemosus: prominent parallel ridges on adaxial surfaces of leaf 
blades, scaberulous or glabrous with many to few very short ascending 
unicellular hairs; thin to quite thick sky-gray bloom on both leaf blade 
surfaces; abundant and conspicuous parallel rows of stomatal apparatuses 
in abaxial leaf blade epidermis; leaf margins (adaxial view) scabrous with 
single rows of short unicellular hairs; culm tops below the spikes sometimes 
with a long area of dense short pubescence, rarely with a short area (5 to 1 mm. 
long) of pubescence near the culm tops, and frequently with culm tops glabrous, 





956 CANADIAN JOURNAL OF BOTANY. VOL. 35, 1957 


the culm collars glabrous or pubescent; rachis glabrous or densely pubescent 
or with ciliate angles and pubescent near the nodes; (2)—3—(4)—(5)—6—(7)—(8) 
spikelets at rachis nodes; glumes strongly midnerved with usually two 
indistinct lateral nerves; glume margins entire, glabrous, or scabrous with 
unicellular hairs towards the apices and glabrous towards the bases; glumes 
long-acuminate, awl-shaped, narrow; glume backs glabrous; glumes thick, 
firm, very stiff, midnerves not pliant; lemma backs pubescent in the lower 
parts and the apical areas glabrous. More than half of the specimens of 
FE. racemosus that | examined had glabrous culm tops with glabrous or pubes- 
cent culm collars. 

The morphological characteristics of the type specimens of Elymus race- 
mosus Lam. are practically identical with those of the type specimen of 
Elymus giganteus Vahl. The description of Elymus racemosus by Lamarck 
(17) was brief but two type specimens have been well preserved. 1 examined 
one of the type specimens (P-LA) and Dr. C. Frankton of this Division was 
able to examine both type specimens when he visited Paris in 1954. The 
spikes of these specimens are very well developed and measure more than 
4.5 cm. across near the bases. Vahl (l.c.) gave a detailed Latin description of 
Elymus giganteus and there is no doubt that it is the same species as Elymus 
racemosus Lam. The morphology of the spikes is very similar in both types, 
particularly in the characters of the spikes and spikelets; and the lemma 
backs are pubescent in the lower portions, glabrous towards the apices. 
The type specimen of E. giganteus Vahl is also in good condition. 

The species is distributed from Greece to Altai in Central Asia (Figs. 3 
and 4). Nevski (27) stated that it also occurred in Eastern Siberia. 


Key to Varieties of Elymus racemosus Lam. 
a. Spikele it rachis nodes in groups of (3)—(4-5)-6-(7)—(8); spikes 
coarse, 2.0 to 4.5 cm. or more wide svreee oes a chs Var, FACEMOSUS 
a. Spikelets at rachis nodes in groups of (2)-3-(4-5); spikes more slender, 
(1.2) to 1.6 to (2.0) em. wide.......1b. var. sabulosus (Bieb.) comb. nov. 


la. ELYMUS RACEMOSUS Lam. var. RACEMOSUS 
E. giganteus Vahl var. giganteus, Symbolae Botan. 3 :10-11. 1794. 
(Type, C. Photograph of type, DAO!). 
E. giganteus Vahl var. typicus E. Lavrenko, Bull. Jard. Bot. Kieff. 12-13: 
149. 1931. 
E. giganteus Vahl var. typicus Grossh., Fl. Cauc. Reg. 1:364. 1939. 
E. arenarius L. y. giganteus (Vahl) Schmalh., Fl. Centr. and South 
Russia. 2:667. 1897. 
Leymus giganteus (Vahl) Pilger, Bot. Jahrb. 74:6. . 1945. 
Hordeum giganteum [Vahl] Raspail, Ann. Sc. Nat. 1, V:436. 1825. 
Elymus mexicanus Cav., Descr. Pl. 314-315. 1802. Described from plants 
cultivated ‘ten el Real Jardin botanico”’, at Madrid, Spain. (Type, 
MA. Photograph of type, DAO!) [not a native of Mexico]. 
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Fics. 1-4. Distribution maps of Elymus species; 


examined by the author. Fig. 1. E. arenarius L., native of Northern Europe. 
E. arenarius L., introduced in Eastern North America and Greenland. 


based on herbarium specimens 


Fig. 2. 


E. 


racemosus Lam. var. racemosus in Central Asia. Fig. 4. E. racemosus Lam. var. sabulosus 


(Bieb.) comb. nov. 
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Elymus racemosus Lam. var. racemosus is distinguished from var. sabulosus 
by the large coarse spikes up to about 4.5 cm. wide and the spikelets usually 
in sixes at the rachis nodes (Fig. 15). There is a strong tendency in plants 
of var. racemosus towards pubescence on the culms, either a long area below 
the culm tops or the culm tops glabrous and, lower down, a long area of 
pubescence (Figs. 23 and 24). About one third of the specimens of var. 
racemosus had glabrous culms. A few specimens were intermediate between 
var. racemosus and var. sabulosus. Sometimes both varieties and inter- 
mediate plants occurred at the same localities. 

The type specimens of var. racemosus resemble many specimens that I have 
seen of this variety. The spikes are very wide in the types and measure 
more than 4.5 cm. across near the bases of the spikes to about the middle 
of the spikes and taper gradually towards the tips of the spikes. The spikelets 
are very crowded in the lower halves of the spikes and there are usually at 
least six spikelets at the rachis nodes. At the tips of the spikes there are less 
spikelets per node. The lemma backs of the type specimen examined by the 
author are pubescent in the lower portions and glabrous towards the apices. 

Elymus racemosus var. racemosus is distributed from the shores of the Black 
Sea to Altai and may occur farther east. I have examined one old specimen 
that indicated that var. racemosus may occur in Eastern Siberia but I have 
not seen enough well-labelled material from that area to be certain that it 
occurs there. Numerous specimens from Eastern Siberia that were labelled 
E. giganteus Vahl proved to be incorrectly identified and belonged to other 
species such as E. angustus Trin. and E. dasystachys Trin. Fig. 3 illustrates 
the known range of this variety, based on carefully identified specimens. 


Representative Specimens of E. racemosus Lam. var. racemosus 

Type: two cultivated specimens grown in the Jardin des Plantes (Hort. 
Reg.) at Paris from seed from ‘‘Sibiria’’; Herb. Mus. Paris, Herbier de Lam- 
arck acquis en Novembre 1886 (P-LA). 

USSR: Ukrainian SSR: In arena litorali M. nigra ad Peresyp et Lustdorf 
in arenosis maritimis copiose, Szovits et Lang s.n., ex herb. H. Schneller (W). 
Osinova-Novopskov (about 10 miles NNE. of Starobelsk), on the sands of 
chalk formation, ex herb. E. Hackel, 1828 (W). AsTRAKHAN: In sabulosis 
pr. Astrachan, S. Korshinsky, July—Aug. 1900 (S, W). DAGESTAN ASSR: sand 
drifts from the dry river-bed of Chebu, Tributary of Terek River, 9. VJII.27 
(W). Kazakh SSR: SEMIPALATINSK: ad fl. Kaldshir, B. Schischkin 5 VI. 1919 
(GH). Between Malovladinirski and Baskulem, S. Korjinsk 7 Aug., 1890 
(US). East Kazakstan: Zaisan, Kara-tal River, N. F. Goucharov & A. G. 
Borisova 365 (GH). AKTYUBINSK: Prov. Turgai, in arenosis mobilus, Bolschie 
Barsuki prope stationem viae ferrae Czelkar, NV. Androssov 3005 (W,GH,S,NY, 
one sheet each, not 3005 at other herbaria). Ad ripam septentr. lac. Aral, 
A. Regel 21/V/1887 (US, W).  (Turgai District): Kizil-dschingilsk, Sary-Su 
River near the village Tr., near the mouth of the Sary-Su River, H. Krachenin- 
nikov 5165 (NY,S). Attar: se of Novosibirsk, District of Barnaul, iter ad 
gub. Tomsk, N. I. Kuznetsov 835 (S). 





1b 











BOWDEN: ELYMUS 959 


1b. ELyMus RACEMOsUS Lam. var. sabulosus (M. Bieb.) comb. nov., based 
on Elymus sabulosus M. Bieb., Fl. Taur. Cauc. 1:81. 1808. 
E. giganteus Vahl B sabulosus (M. Bieb.) C.A. Mey., Ver. Pfl. Cauc.: 
26: 1831. 
E. arenarius B. sabulosus (M. Bieb.) Schmalh., Fl. Centr. and South 
Russia. 2:667. 1897. 
Hordeum arenarium B. sabulosum (Bieb.) A. & G., Syn. 2:747. 1902. 
Triticum sabulosum (M. Bieb.) Herm., Ver. Bot. Ver. Brand. 76:43. 
1936. 
Elymus sabulosus M. Bieb. var. depauperata J. Bornmiiller, Bot. Central. 
36: 156. 1888. authentic specimen (W!). 
E. giganteus Vahl B crassinervius Kar. et Kir., Bull. Soc. Nat. Mosc. 14: 
868. 1841. Isotypes (W! NY!). 
E. giganteus Vahl var. minor E. Lavrenko, Bull. Jard. Bot. Kieff. 12-13: 149. 
1931. 
E. macrostachys Spreng. in Schrad. Journ. 2:196. 1799. 

Elymus racemosus Lam. var. sabulosus can be recognized by the more slender 
spikes up to about 2 mm. wide and the spikelets usually in threes at the nodes 
(Fig. 14). Some of the specimens of var. sabulosus had pubescence in the culm 
top areas but about two thirds of the specimens had glabrous culm tops. 

I have not examined the type specimen of Elymus sabulosus Bieb. Nevski 
(27), who may have seen the type, listed the name as a synonym of E. gig- 
anteus Vahl. The original Latin description of . sabulosus by Marschall von 
Bieberstein (l.c.) is rather short but clearly stated in part 


“spiculis ternis 
quaternisque quadrifloris pubescentibus, rachi calycibusque flosculos super- 
antibus glaberrimus’’; i.e. the spikelets were in threes or fours with four 
pubescent florets, and the rachis and glumes were completely glabrous and 
longer than the florets. About half of the specimens examined by me had 
3—(2) spikelets at the rachis nodes and about half had 4-(3)—(2). 

The distribution of -. sabulosus Bieb. was originally given as ‘‘Abundat 
in arend mobili tam per Tauriam, quam ad Caucasum; etiam ad Wolgam, 
Borysthenem et Tanaim.”’ Fig. 4 shows that FE. racemosus var. sabulosus 
ranges from Eastern Greece to Altai. 


Representative Specimens of Elymus racemosus Lam. var. sabulosus (Bieb.) 
comb. nov. 

GREECE: Thracia occidentalis: Porto Lagos, in arenosis maritimis, K. H. 
& F. Rechinger 9618 (W). TURKEY: Constantinople, sables maritimes a 
Kilia, G. V. Aznavour 7 Juin 1896(W). Samsoun ad litora Ponti, Prov. 
Pontus, J. Bornmiiller, 1889, 1, VII (US). BULGARIA: Varna: in arenosis 
ad lacum Devno, J. Bornmiiller 28, Sept. 6, 1889, an authentic specimen of 
E. sabulosus M. Bieb. var. depauperata Bornmiiller (W). Prope Varna, ad 
Pontium, C. K. Schneider 357 (W). USSR: Uxkrarnian SSR: In arenosis 
maritimis ad Peresyp et Lustdorf, Lang et Szovits s.n. (two sheets, W). Odessa, 
Anonymous s.n.(S). Prov. Cherson, prope opp. Nikolaev in ripa arenosa 
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fl. Bug, in lucis., A. Janata 3007b (GH, S, NY, W). Crimean ASSR: In 
arena litoris prope ‘‘Sudak’’, A. Callier 3395 (W). Meerestrand bei Sudak, 
A. Callier 243 (S) and 6. VI. 1896 (W). Aufsandigen boden, bei Ossinowa, 
im Kreis von Starobielsk, Czernuaew, 1828 (W). TAmBov: Rossia centr., 
in arenosis prope u. Tambov, J. Schirajervsky s.n. 14. VI. 1907 (US). 
STALINGRAD: Sarepta, A. Becker s.n., 1886 (S). DAGESTAN ASSR: Station 
Temizgoie, zwichen Petrovik u. Tchir-Jurt, 7. Novopokrovsky 1119 (NY). 
AZERBAIJAN SSR: Baku: Balakhancy, O. R. Holmberg 318 (S). In arenosis 
ad littus maris Carpii prope Bendevan, G. Woronow 110 (W). Pen. Apsheron, 
I. Karjaign s.n., 21.V.1935 (NY). Kazaku SSR: (Turgai): M. I. Kras- 
cheninnikow 1052 (US). SEMIPALATINSK: In sabulosis prope Semipalatinsk, 
Karelin et Kiriloff 1126; 1840; isotypes of Elymus giganteus Vahl 6 crassiner- 
vius Kar. et Kir. (W,NY). Avtar: Barnaul to Troitsk, P. N. Krylov s.n., 
18 June, 1913 (US). Ad flumen Tugul, Trinius s.n. (NY). WKirciz SSR: 
Tschotkol ad lacum Issikul, V. F. Brotherus 770 (W). 


2. ELYMUS ARENARIUS L., Sp. Pl. 1:83. 1753. (Photograph of type! 
Savage Catalogue (36) No. 100.1 and Linn. Soc. Photograph (DAO!). 
Leymus arenarius (L.) Hochst., Flora 31:118. 1848. 
Ilordeum arenarium (L.) Aschers., Fl. Brandenb.:874. 1864. 
Frumentum arenarium |L.| Krause, Bot. Centralbl. 73:339-40. 1898. 
Triticum arenarium (L.) Herm., Verh. Bot. Ver. Brand. 76:43. 1936. 
Elymus arenarius L. B minor Lange, Haandb. Dansk FI., ed. 2:54. 1856. 
E. arenarius L. B. multiflorus Hallier, Bot. Zeit. 21:8. 1863. 
i. arenarius L. B triticoides Blytt, Nye bidrag t. kund. Karp. ud. i. Norge, 
Christiania I, vid. - sels. Farh., 1892, no. 3:13. 1892. 
I. arenarius L. f. ramosa Liiderwald, Allg. Bot. Zeitschr. 15:89. 1909. 
Kk. geniculatus Curtis, Obs. Brit. Gr.: 46. 1790. 
FE. arenarius L. b. geniculatus (Curt.) Richter, Pl. Eur. 1:132. 1890. 
Hordeum villosum Moench, Method:199. 1794. 


Description of Elymus arenarius L. 

Nevski (27) wrote a description of this species and Bond (4) studied EF. 
arenarius in the British Isles. The present author observed the following 
morphological characteristics useful in recognizing this species: prominent 
parallel ridges on adaxial surfaces of the leaf blades, scaberulous or scabrous 
with abundant ascending unicellular hairs; thick sky-gray bloom on both 
leaf blade surfaces; abundant and conspicuous parallel rows of stomatal 
apparatuses in abaxial leaf blade epidermis; leaf margins (adaxial view) 
glabrous or with few to many short unicellular hairs; culm tops below the 
spikes usually glabrous (Fig. 21) or sometimes the culm tops with short 
subadpressed hairs in the 1 to 5 mm. area just below the first pairs of spike- 
lets (Fig. 22) but the rest of the culm glabrous; culm collar glabrous (Fig. 21) 
or pubescent (Fig. 22); rachis glabrous except for the ciliate angles and some- 
times short-pubescent near the nodes; spikelets usually paired, rarely 3-(4) 
at the rachis nodes; glumes 1—3-nerved with prominent midnerves, the laterals, 
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if present, indistinct; glume margins membranaceous, scabrous, and pubescent 
towards the apices, glabrous towards the bases; glumes lanceolate, long- 
pointed; glume backs glabrous (Fig. 13) or glabrous in basal areas only, with 
long hairs towards the apices, especially along the midnerves and adjacent 
apical areas (Fig. 12); glumes intermediate in firmness to firm with the mid- 
nerves stiff, especially in mature spikes; lemma backs densely short-pubescent 
with hairs shorter towards the apices, the apical areas tending to be sparse 
short-pubescent to glabrous. About two thirds of the specimens of £. 
arenarius had glabrous culm tops, with the culm collars glabrous or pubescent 
and about one third of the plants had short areas (5 to 1 mm.) of pubescence 
near the culm tops. 


In the Species Plantarum, Linnaeus (l.c.) used the trivial name ‘‘arenarius”’ 
for this species and called it “Elymus foliis mucronato-pungentibus”. He 
(22) used the latter in Iter Scanicum and referred to No. 106 in Flora suecica 
where he (21) had called it ‘Secale spiculis geminatis”. He listed two other 
synonyms: ‘‘Gramen caninum maritimum, spica triticea’”’ of Ray (31), and 
“Triticum foliis acuminatis pungentibus”’ of Roven (33)... In DAO Herbarium, 
there is a photograph of the sheet of E/ymus arenarius L. from the Linnaean 
Herbarium in London (Savage Cat. No. 100.1). Mr. N.Y. Sandwith kindly 
examined the type sheet on which Linnaeus had written ‘1 arenarius” at the 
bottom of the sheet. There are four spikes on the sheet and these have the 
general appearance of the European specimens that post-Linnaean botanists 
have called /. arenarius L. The top of the culm below the first pair of spike- 
lets is visible in only one specimen and Mr. Sandwith (35) stated that it is 
“firmly subadpressed pubescent for about 5 mm. below the lowest spikelet. 
After that it seems to be quite glabrous”. He thought that the glumes were 
quite glabrous. In DAO Herbarium, there is also an excellent photograph 
of Van Royen’s specimen from the Van Royen Herbarium at Leiden, Nether- 
lands. The specimen has been very well preserved and is easily recognizable 
as the Northern European species that is currently called E/ymus arenarius L. 
In 1753, Linnaeus knew quite a number of stations for this species in North- 
ern Europe. In the Species Plantarum, he gave the range as ‘Habitat ad 
Europae litora marina in arena mobili’. In Flora suecica, he (21) wrote: 
“Habitat in arenosis Grdaséae, Tornoae, Junekopiae, Bahusiae, & alibi’. 
Hultén (16) in Fig. 273 gave a detailed map of the distribution of /. arenarius 
L. in Northwestern Europe. The species is commonly distributed on coastal 
beaches with some stations inland. Nevski (27) stated that this species 
grew on sea sands from Novaya Zemlya to Atlantic Europe. Sokalovskaja 
and Strelkova (38) plotted the range of E. arenarius in Northwestern Europe 
and included part of Novaya Zemlya and the coast of the Kara Sea. In 
Fig. 1, there are plotted representative stations based on specimens that I 
have examined. The species is native only in Northern Europe. It has been 
planted as a sand binder in various localities in Northern Europe and also in 
Southern Europe from Spain to Hungary (based on the maps of Bond (4) 
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and in part on specimens that I have examined). Bond also noted that there 
were ‘‘certain isolated inland occurrences” in Eastern Europe. I did not 
find any specimens from inland areas in Eastern Europe except several that 
were introduced plants. Bond noted that ‘‘its range eastward is not known”’ 
If E. arenarius does occur naturally in southeastern Europe, it israre. Several 
specimens from Eastern Europe that were labelled E. arenarius proved to be 
incorrectly identified. 

Love (25) noted that both FE. mollis Trin. and E. arenarius L. were found 
in Iceland. I examined about 48 specimens from Iceland; two were E. mollis 
Trin. and the rest were all E. arenarius L. Dr. A. Melderis of the British 
Museum examined nine specimens from Iceland and in a letter to the author 
stated that eight were E. arenarius L. and one was E. mollis Trin. 

In Fig. 1, Elymus arenarius L. is shown to range from Iceland and the 
Faeroes to Great Britain, the northern coast of Europe to Scandinavia, and 
the extreme northwestern part of the European USSR. In Fig. 2, I have 
plotted the stations for introduced plants of E. arenarius L. in Eastern North 
America, from the Coast of West Greenland; Newfoundland; Long Island, 
New York; Lachute, Quebec; and Lake Michigan. Plants of this species 
have also been found at two localities in southern British Columbia. It 
appears that the West Greenland plants of . arenarius have been introduced, 
probably in sand ballast from ships. Populations of E. mollis Trin. in 
Greenland are much more extensive, the stations are more numerous and not 
restricted to ports of call as are those of FE. arenarius. 

From the reports of Fletcher (8,9,10), the history of the introduction of 
E. arenarius at Lachute, Quebec, can be traced. Large clones propagated 
from two seedlings were grown at the Experimental Farm at Ottawa; the 
seed was originally from Scotland. Plantings were made at Lachute between 
1898 and 1904. Material of Ammophila breviligulata Fern. was also planted 
in the same area. On a trip to Lachute in 1953, I observed that most of 
the sand-dune area was planted with Ammophila breviligulata. By searching 
for plants with the characteristic sky-gray color of the leaves of E. arenarius, 
I located four large patches of this species. Cattle had eaten most of the 
spikes. The plants had the morphological characteristics of E. arenarius 
and were octoploid, 2” = 56, the chromosome number of the Northern 
European species. In DAO herbarium, the original Fletcher specimen of 
Ammophila breviligulata from Tryon, Prince Edward Island, is preserved; 
the latter area was the original source of A. breviligulata that was planted 
at Lachute. There is also an old unlabelled specimen of /. arenarius mounted 
on paper of similar quality and age and it is probably the Fletcher specimen of 
E. arenarius that corresponds to the plants of this species at Lachute. Fletcher 
(9) in 1893 sent living plants and seed of F. arenarius to Mr. Shewen of St. John, 
N.B. There are no specimens to show whether any plants have survived. 


Representative European Specimens of Elymus arenarius L. 


SWEDEN: Hialsingland: Gackeron vid fyren, A. F. Westerlund s.n., 16/7/ 
1951 (DAO). Gotland: M. Ostman s.n., 19/7/1893 (CAN). Skane: Barkakra: 
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the beach between the harbor pier and Skalderviken, H. Nilsson s.n., Aug. 10, 
1947 (DAO). Norway: near Narvik: on seashore, Sovskjormen Fjord, 
H. N. Moldenke 21006 (NY). Nordland: Ankenes herred, Rombaksbotn, 
sandy beach of the innermost part of the fjord, C. G. Alm 23 (DAO). DENMARK: 
District 33: Drejo, Vestlige Del, Stranden, J. Grontved 764 (C). LATVIA: 
Dornesnas, J. Grontved 21, 31/7, 1928 (C). EstontaA: Insula Dagé: J. 
Grontved 166 (C). Ostl. von Reval, im Sande und Kies auf dem Strande, 
J. Grontved 45 (C). GERMANY: Halensee bei Berlin, Dr. Behrendsen s.n. 
12 Juni ’93 (DAO). FINLAND: Nylandia, Tenala, Lappvik, in litore marino, 
M. Palmgren s.n., 21/6/1948 (DAO, MTJB). EturorpEAN USSR: Lapponica 
rossica: R. Enwald & C. A. Knabe s.n., Aug. 25, 1880 (W). Leningrad: 
Vytegra District: east shore of Lake Onega, J. Suchowa 527 (S). ICELAND: 
Reykjavik, O. Ingimarsson s.n., 19/7/1946 (DAQ). Borgarnes, on Borgar 
Fjordur, £. Scamman 1250 (GH). Arnessysla: Skeid: Osabakkar, sand, 
Elymetum community, 4. & D. Léve AO88 (CAN,S), not AO88 (DAO), 
which is E. mollis Trin. FAEROES: Insula Sand6é: J. Hartz & C. Ostenfeld 
s.n., 29/8/1897 (CH,C). ENGLAND: Lincoln: Mablethorpe, HZ. Fisher s.n., 
Aug. 1, 1891 (CAN). SoutH WaALEs: Glamorgan: Port Talbot, Sandy shore, 
V.C. 41, H. J. Riddelsdell 1977 (UBC). ScoTLANp: Northeast Fife: north- 
west of St. Andrews, Sandhills on the coast, C. Batley 1596 (W). IRELAND: 
North Bull. w. Dublin, AZ. C. Knowles s.n., 30/7/28 (GH). FRANCE: South- 
west coast of Contentin, downs of Bec d’Andaine, J. Nehou s.n., Aug. 3, 1953 
(DAO). NETHERLANDS: Schouwen, W. of Scharendijke, outmost dunes, 
open, sand place, Rk. D. Hoogland 2005 (DAQ). 


Specimens of E. arenarius L. Introduced in North America and Greenland 

WESTERN GREENLAND: Julianehaab: Ilua, E. Lundholm s.n., 1889 (C). 
Igaliko: Dr. L. K. Rosenvinge s.n., July 22, 1888 (CAN). Godthaab: J. 
Lagerkranz s.n., 21/8/1936 (S). U.S.A. New York: Long Island, Idlewild 
Point on Jamaica Bay, 3 miles SW. of Jamaica, beach, 75 ft. from water's 
edge; A. T. Beals s.n., May 31, 1937 (US); see Torreya, 41:92-96. 1941. 
Idlewild, s. Jamaica, Long Island, J. Monachino s.n., 8/20/38 (NY). ILLIN- 
o1s: along the Lake Michigan shore near the mouth of Dead River in the 
Illinois Beach State Park north of Waukegan, F. A. Swink s.n., July 19, 
1952 (DAO). See Rhodora 54:208. 1952. Waukegan: along the Lake 
Michigan shore near the property of the Chevrolet Co., O. C. Durham s.n., 
Aug. 19, 1952 (DAO). Wilmette: E. P. Killip s.n., 6/11/16 (US). CANapa: 
NEWFOUNDLAND: North District: Bonavista, Sandy Point, Alexander Bay, 
A. C. Smith, E. C. Smith, and H. Squires 232 (DAO). QueBeEc: Argenteuil 
Co.: Lachute, sand dunes, about one mile east, introduced by Experimental 
Farm, Ottawa (seeds from Scotland) about 1898 to 1904, Wray M. Bowden 
and B. Boivin 69-53 (DAO): Same locality, Frére Cléonique 11,553, 10 
October, 1938. (DAO). BritisH CoLuMBIA: Saanichton, W. R. Foster 
s.n., June 21, 1940 (DAO). Traill: Tadanac in Columbia Valley, W. G. Dore 
15048 (DAO). 
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3. ELyMus MOLLIs Trin. in Spreng., Neu. Entd. 2:72-3. 1821. Non Elymus 
mollis RK. Br., Richardson Bot. App., Franklin Jour.:732. 1823. Type 
from Herb. Gorenk. (LE). Lectotype: “37 Kamtschat’’, Herb. Trinii 
(LE), examined by Mr. C. E. Hubbard of Kew, England, and his notes 
and photograph deposited in DAO!; on the same sheet, an authentic 
specimen: ‘Sitka. Kastalsky.  1829.”’ 

The lectotype specimen has less than the usual culm-top pubescence and 
hardly the ‘‘velutino-pubescens” of Trinius’ description. An effort should 
be made to select a lectotype that is closer to Trinius’ description; the type 
may be found later among specimens from Herbarium Gorenki (LE). The 
two spikes of the authentic specimen (IKastalsky) have the characteristics 
that Trinius described for FE. mollis. 

In specimens of this species, the spikelets are almost always paired ‘at the 
rachis nodes. The tops of the culms below the first pairs of spikelets usually 
have long areas of dense short pubescence and sometimes short areas, 5 to 
1 mm. long, of pubescence with the culm collars glabrous or pubescent; 
9/10ths of the specimens examined were like the former and 1/10th were like 
the latter. The glumes are 3—5-nerved and the glume backs densely to spar- 
sely-pubescent, softly hirsute, usually with long hairs, and rarely almost 
glabrous. The glumes are thin, papery, pliant, and the midnerves are not 
stiff; the lemma backs always have some pubescence. 

The ranges of the subspecies and varieties of /. mollis are shown in Figs. 5 
and 6. The dots locate representative specimens examined by the author. 
Elymus mollis Trin. including all subspecies, ranges from Korea and Japan 
to Kamchatka and Alaska, northeastern USSR and the coasts of North Am- 
erica from California to Northern and Eastern Canada as far south as Cape 
Cod, to Greenland and rarely Iceland. It is found on the shores of Lake 
Superior and inland on lakes and rivers in Northern Canada. 

Key to the Subspecies of FE. mollis Trin. 

a. Plants 50-130 cm. tall; wide leaf blades, 0.5-1.5 cm. wide; spikes 13-26 
cm. long; glumes 1.2-3.4 cm. long, glume backs usually softly hirsute, 
sometimes almost glabrous; lemmas softly hirsute... ...3a. subsp. mollis 

a. Plants 25-60 em. tall; narrow leaf blades, 0.3-0.8 cm. wide; spikes 5-10 
cm. long; glumes 0.9-1.4 cm. long with dense hirsute pubescence; lemmas 
densely pubescent... .... eee eC ee BPR Ra RUSUR itl b 

b. Glumes 0.9-1.4 em. long and 0.15~.25 em. wide; lemmas densely fine 

PU NESCOMES. ovens nik oi oes ok 3b. subsp. villosissimus (Scribn.) Love 
b. Glumes shorter and narrower, about 0.5-0.6 cm. long and 0.1—.15 cm. 

wide; lemmas densely coarse-pubescent 


denne .......3¢. subsp. interior (Hultén) comb. nov. 


3a. ELYMUS MOLLIS Trin. subsp. MOLLIS 

Plants of the typical subspecies are tall, the glumes are long compared to 
the glumes of the other two subspecies, and the glume backs are usually softly 
hirsute but sometimes tend to be scabrous and are rarely almost glabrous. 
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Fics. 5, 6. 





Distribution maps of the Elymus mollis complex. 


mollis ‘Trin. subsp. mollis var. mollis; large dots=E. mollis Trin. subsp. villosissimus 
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Fig. 5. Small dots = E. 


(Scribn.) Love; circles = intermediate specimens; small dots with crossbars = stations where 


at least two of the preceding occurred at the same 
mollis Trin. subsp. mollis var. japonicus var. nov.; 
(Hultén) comb. nov. in northeastern Asia. 


locality. Fig. 6. Solid squares=E. 
dots =E. mollis Trin. subsp. interior 
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The culm tops below the first pairs of spikelets almost always have long areas 
of dense short pubescence but rarely there are specimens with the culm tops 
glabrous below the first pairs of spikelets. In. Figs. 5 and 6, subsp. mollis 
var. mollis is shown to range from the coasts of Eastern Asia and Western 
North America to Greenland and the east coast of North America, and inland 
on the shores of Lake Superior, Great Bear Lake, Great Slave Lake, Lake 
Athabasca, and part of the shoreline of Hudson Bay and James Bay. 


Key to the Varieties of E. mollis Trin. subsp. mollis 
a. Spikes 1.2-1.8 cm. wide; spikelets in middle of spike, 2.1-3.4 cm. long 


Pp Re PR ice ce sale haLa NAP SALAS Ug avai, Succ ss ous yauty pleed ies Ale Is.7s oil a ernie ei gD Re 
a. Spikes narrower, 0.8-1.0 cm. wide; spikelets in middle of spike, 1.4-1.9 
GID. TOE ac cc ok cee cn sas neces coe > SGU) Val. JODONICUS Var. NOV. 


3a(i). ELYMus MOLLIs Trin. subsp. MOLLIS var. MOLLIS 
E. arenarius L. var. mollis (Trin.) Koidzumi, Tokyo Imp. Univ. 
Col. Sci. Jour. 27:24. 1910. 
FE. arenarius L. [subsp.] mollis (Trin.) Piper in Piper & Beattie, 
Fl. Northw. Coast:63. 1915. 
FE. arenarius L. subsp. mollis (Trin.) Hultén, Vet. Akad. Hand. 
(Stockh.) Ser. 3, 5:153. 1927. 
Triticum molle (Trin.) Herm., Verh. Bot. Ver. Brand. 76:43. 1936. 
Leymus mollis (Trin.) Pilger, Bot. Jahrb. 74:6. 1945. 
Elymus mollis Trin. f. moniliformis Lepage, Nat. Can. 82:189 and Fig. 
1. 1955. (type, CAN!). 
E:. arenarius L. B villosus E. Meyer, Pl. Labrador: 20: 1830. 
E. arenarius L. y compositus Abromeit, Bibl. Bot. 8(42):96. 1899. 
Ek. arenarius L. var. compositus (Abromeit) St. John, Rhodora, 
17:102. 1915. 
¢. dives Presl, Rel. Haenk. 1:265-66. 1830. 
‘. cladostachys Turcz., Fl. Baic. dah. 2(1):351-52. 1856. 
£. ampliculmis Provancher, Fl. Canada 2:706. 1862. 
capitatus Scribn., U.S. Dept. Agr., Div. Agrost. Bul. 11:55 and 
Pl. 14. 1898. 


BS SS SS 8s 





Fics. 7-15. Photographs of portions of Elymus spikes. Fig. 7. E. mollis Trin. subsp. 
mollis var. mollis; Kamchatka: Bogatyrjovka: southern shore of Avatcha Bay, E. 
Hultén 437 (S). Fig. 8A. E. mollis Trin. subsp. mollis var. mollis f. scabrinervis f. nov., 
type; Prince Edward Island: Prince Co.: 3 miles northeast of Alberton, D. Erskine 
& W.G. Dore 1044(DAO). Fig. 8B. Magnified portion of glume to show scabrous hairs 
on nerve. Fig. 9. E. mollis Trin. subsp. mollis var. japonicus var. nov., type; Japan: 
Hondo: Penins. Tateishi, prope Tsuruga, J. Ohwi 6661 (US). Fig. 10. E. mollis Trin. 
subsp. villosissimus (Scribn.) Love, type; St. Paul Island: Bering Sea, J. M. Macoun 
16226 (US). Fig. 11. E. mollis Trin. subsp. interior (Hultén) comb. nov., type; Ostl. 
Taimyrland, Siidostkiiste des Taimyr-Sees, A. Tolmatchew 434(S). Fig.12. E. arenarius 
L., specimen with pubescent glumes; Auf Flugsand an der Kiiste bei Swinemunde, ex 
herb. W. Boott s.n. (GH). Fig. 13. E. arenarius L., specimen with glabrous glumes; 
Scandinavia: Orzermauland: Menisan, G. W. Hrouhelin, 10 Juli 1903 (C). Fig. 14. 
E. racemosus Lam. var. sabulosus (Bieb.) comb. nov.; USSR: Ucraina, Prov. Cherson, 
prope opp. Nikolaev in ripa arenosa fl. Bug, A. Janata, 1907 VI 27 (NY). Fig. 15. 
E. racemosus Lam. var. racemosus; USSR: Reg. of Zaisan, N. F. Goucharov & A. G. 
Borisova 365 (GH). 
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Description of Elymus mollis Trin. subsp. mollis var. mollis 

Trinius’ original Latin description is very detailed and accurate and | 
have compared his description with the morphology of a large number of 
specimens from Kamchatka and the Aleutian Islands. There is a particularly 
fine series of specimens collected by Dr. Eric Hultén in Kamchatka. The 
descriptions of E. mollis given by Nevski (27) and Hitchcock (13) apply to 
var. mollis The following morphological characteristics were especially use- 
ful to me in identifying specimens of this taxon: prominent parallel ridges 
on adaxial surfaces of leaf blades, scabrous with abundant ascending uni- 
cellular hairs; thin to thick sky-gray bloom on abaxial leaf blade surfaces, 
the adaxial surfaces greenish, usually with no visible bloom but rarely with 
a thin bloom; rows of stomatal apparatuses present but short and interrupted 
in abaxial leaf blade epidermis, neither conspicuous nor abundant; leaf 
margins (adaxial view) glabrous or with very short unicellular hairs; culm 
tops below the first pairs of spikelets usually with long areas of dense short 
pubescence (Fig. 16) but sometimes with only short areas, 1 to 5 mm. in length, 
with sparse to dense pubescence and rarely completely glabrous (Fig. 20); 
rachis usually densely short-pubescent, or at least near the nodes, sometimes 
ciliate along the angles; spikelets usually paired at the rachis nodes; glumes 
3—5-nerved; glume margins entire and membranaceous; glumes lanceolate, 
usually short-pointed; glume backs densely to sparsely pubescent, softly 
hirsute usually with long hairs (Fig. 7), rarely almost glabrous (Fig. 8, A and 
B); glumes thin, papery, pliant, the midnerves not stiff; lemma backs com- 
pletely felty-pubescent, hairs shorter towards the apices, and the apical areas 
usually short-pubescent. 

Trinius (l.c.) gave the type locality of var. mollis as ‘‘Hab. in Camtschatca 
et in Inss. aleuticis.’”” The type specimen was from ‘‘Herb. Gorenk.’’ Nevski 
(27) stated that the type was in Leningrad; he probably referred to the lecto- 
type examined by Mr. Hubbard. I was able to examine a fragment of a 
spike from an authentic specimen (US) that was labelled “not type” and 
“ex herb. Trinius’’. I have already described the general range of subsp. 
mollis, which largely includes specimens of var. mollis (Fig. 5), and as well a 
few stations of a new variety on the coasts of Korea and Japan (Fig. 6). 





Fics. 16-24. Photographs of culm tops of Elymus specimens. Fig. 16. E. mollis Trin. 
subsp. mollis var. mollis; Kamchatka: Bogatyrjovka: southern shore of Avatcha Bay, 
E. Hultén 437 (S). Fig. 17. E. mollis Trin. subsp. villosissimus (Scribn.) Love, type; 
St. Paul Island, Bering Sea, J. M. Macoun 16226 (US). Fig. 18. E. mollis Trin. subsp. 
villosissimus (Scribn.) Léve, with glabrous culm top; Quebec: Poste de Povognituk, 
J. Rousseau 181 (MTJB). Fig. 19. E. mollis Trin. subsp. interior (Hultén) comb. nov., 
type; Ostl. Taimyrland, Siidostkiiste des Taimyr-Sees, A. Tolmatchew 434 (S)._ Fig. 20. 
E. mollis Trin. subsp. mollis var. mollis {. simulans {. nov., topotype; British Columbia: 
Vancouver: Spanish Banks, J. W. Eastham s.n., July 20, 1953 (DAO). Fig. 21. E. 
arenarius L., specimen with glabrous culm top; Scandinavia: Suecica: Bohuslan, 
C. D. Widen s.n.(DAO). Fig. 22. E. arenarius L., specimen with subadpressed hairs near 
culm top; Scandinavia: Orzermauland: Menisan, G. W. Hrouhelin, 10 Juli 1903 (C). 
Fig. 23. E. racemosus Lam. var. racemosus, smooth area at culm top; USSR: Turgai 
District: Kizil-dschingilsk Volost: near the mouth of the Sary-su River, H. Kraschenin- 
nikov 5165(NY). Fig. 24. Same specimen as Fig. 23; pubescent area below the smooth 
culm top. 
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Some manuals have stated that var. mollis is found on the Great Lakes but 
there is strong evidence to indicate that it grows only on the shores of Lake 
Superior, and is absent from the shores of Lakes Michigan, Huron, Erie, and 
Ontario. Stands of E. mollis are rare on the south shore of Lake Superior 
and several Michigan botanists have told me that it is necessary to search 
for miles to find only a few clumps. On the north shore, the stands are 
commoner but some of the populations apparently no longer survive, for 
example at Pancake Bay and near Port Arthur. 


Representative Specimens of Elymus mollis Trin. subsp. mollis var. mollis 
KAMCHATKA: Petropavlovsk, FE. Hultén 933 (GH,S). Cape Lopatka, EF. 
Hultén 140 (S). Wurile Lake, E. Hultén 4449 (S). Aleutian Islands: Amukta 
Island, 7. P. Bank, Jr. 496 (CAN). JAPAN: Yezo: Utoro in Kitami, J. Ohwi 
4760 (US). Hokkaido: Prov. Kushiro, Insl. Daikoku-jima, S. Akiyama 30 
(S). KorEA: Kyonson, Kyojo, J. Ohwi 240 (US). EASTERN SIBERIA: 
Vladivostok and vicinity, D. L. Topping 2241 (US). Coast of Manchuria, 
Lat. 44-45 deg. N., C. Wilford s.n., 1859 (GH,S,W). Saghalin: north of 
Aleksandrovsk, N. A. Palczewsky s.n., 16/8/1908 (S). U.S.A.: ALASKA: 
St. Lawrence Island, Bering Sea, Sevoonga, and neighborhood, O. W. Geist 
s.n. July-August, 1931 (CAN). Skagway, M. O. Malte (107873), Aug. 25, 
1916 (DAO). Juneau, J. P. Anderson 6221 (DAO). CALtrorNntA: Humboldt 
Co.: north of Trinidad, Little River Beach; among sand dunes, G. L. Stebbins, 
Jr. 3105 (DAO). OREGON: Garibaldi, A. S. Hitchcock 11749 (US). Gear- 
hart to Tillamook Head; among driftwood on beach, mouth of Necanacum 
R., Agnes Chase 4889 (US). CANADA: BrITISH COLUMBIA: Vancouver 
Island: Parksville, on the seashore, V. Krajina & R. H. Spilsbury 4199 (UBC). 
Prince Rupert, M. O. Malte (107874), Aug. 1, 1916 (DAO). Vancouver; 
Spanish Banks, Seabeach at bus stop, J. W. Eastham s.n., 28 May, 1944 
(UBC). Calvert Isl.: Kwaskshua, Tide Flats, J. M. Cowan s.n., 12/7/1939 
(UBC). West coast of Queen Charlotte Island, Dr. C. F. Newcombe, June 
20, 1897 (CAN). District of Mackenzie: SW. and N. shores of Great Slave 
Lake, C. F. Howe s.n., July-August, 1916 (CAN). ALBERTA: Sand Pt., 
north shore of Lake Athabaska, Sandy beach, alt. 700 ft., H. Raup & E. C. 
Abbe 4575 (CAN). Manirosa: Fort Prince of Wales, opposite Churchill, 
Hudson Bay, growing in cobble pavement inside old fort, a common species 
on the beach outside, W. G. Dore 9970 (DAO). ONTARIO: East coast of 
Lake Nipigon, Macoun s.n., July 8, 1884 (CAN). North shore of Lake 
Superior: Schreiber, fine gravel beach at mouth of Schreiber Creek, R. C. 
Hosie, S. T. Losee, and M. W. Bannan 1250 (CAN). James Bay: Moose 
River Estuary: Sandy Island on west bank near Ship Sands, W. K. W. Baldwin 
1429 (CAN). NORTHERN QUEBEC: Entre le Lac Kogaluk et la premiére 
chute de la Kogaluk (A moins de 20 milles de la Baie d’Hudson), sur le 
sable, J. Rousseau 255 (MTJB). Fort Burwell, Hudson Strait, A. E. Porsild 
5943 (CAN). NEWFOUNDLAND: Silurian coastal region north of St. Paul’s 
Bay: Cow Head, M. L. Fernald and K. M. Wiegand 2699 (CAN). LABRADOR: 
Hebron, N. Polunin 1022 (CAN). Southern Quebec: Pointe au Pére, seacoast 
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sand, H. J. Scoggan 657 (CAN). Comté de Témiscouata: Trois-Pistoles, 
F. Marie-Victorin, F. Rolland-Germain, R. Meilleur 45163 (DAQ). PRINCE 
EDWARD ISLAND: Prince County: Tignish, Sandy seastrand, M. L. Fernald, 
B. Long, and IH. St. John 6947 (C).. New Brunswick: Charlotte Co.: Bill’s 
Island, in shingle, C. A. and U. F. Weatherby 5757 (US). Nova Scoria: 
Inverness Co., near Cheticamp, on beach, W. G. Dore 920 (DAQ). Sable 
Island: Sand dunes, on the south beach, HZ. St. John 1151 (CAN). U.S.A.: 
MICHIGAN: Alger Co.: near Grand Marais, sand dunes of Sable Banks, Abund- 
ant in spots, a strong sand binder, C. A. Dodge s.n., June 25, 1916 (US). 
MAINE: Washington Co.: Rogue Bluff, Seabeach, C. 17. Knowlton s.n., July 
11, 1908 (GH). New Hampshire: Isles of Shoals, W. MW. Canby s.n., Aug. 
1865 (NY). Mass.: Barnstable Co.: Provincetown; one clump on ‘‘fore dune”, 
just south of Race Run, persistent since 1904, J. Murdoch Jr. s.n., Aug. 17, 
1913 (GH). GREENLAND: Christianshaab, MJ. P. Porsild s.n., 24/7/1924 
(S). Neria, J. Eugenius s.n., July 25, 1932 (S). ICELAND: Arnessysla: 
Skeid; Osabakkar, sand dunes, Elymetum community, -!. and D. Léve AO88 
(DAO), not AO88 (CAN,S) which are E. arenarius L. 


Key to the Forms of Elymus mollis Trin. subsp. mollis var. mollis 
a. Culm tops with long areas of dense short pubescence below the first 
pairs of spikelets. . . a ee ee ee ee. 
b. Glume backs densely to sparsely pubescent, softly hirsute, usually 
with long hairs, sometimes tending to be scabrous. ....3a(ia) f. mollis 
b. Glume backs glabrous except for short unicellular hairs on the mid- 
nerves and often also on the lateral nerves, especially towards the 
APIGES...... 5... Lc eeesececen cess cle) & Scaormenis tT. nov. 
a. Culm tops glabrous below the first pairs of spikelets... . seer ee 
SA BAUR eR ante each he eed Merc ares ee eee 3a(ic) f. simulans f. nov. 
Many specimens of the species from Kamchatka resembled Trinius’ 
description very closely and these belonged to forma mollis. Other specimens 
from Kamchatka showed minor variations in morphology, for example, 
a few specimens with glumes that tended to be more scabrous. In the whole 
range of var. mollis, other morphological variations were noted and some have 
already been given form names by previous authors, for example, f. monzli- 
formis Lepage which varies from the type in the interrupted spacing of the 
spikelets on the spike. On the Southern British Columbia coast, some plants 
are very tall but intergrade with plants of normal height and I do not consider 
it necessary to formally give the tall plants a form name. However, I have 
noted two distinct forms that have taxonomic significance since the variations 
in morphological characteristics may lead to confusion in identification. These 
two new forms are: 
3a(ib). ELymMus MOLLIs Trin. subsp. MOLLIS var. MOLLIs f. scabrinervis f. 
nov. 
A typo differt glumis glabris nisi nervo medio breviter scabro et nervis 
lateralibus interdum breviter scabris. This new form differs from the type 
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in the almost glabrous glumes (Fig. 8). There are short scabrous hairs on 
the midnerves and often on the lateral nerves, and sometimes they occur only 
at the distal ends of the midnerves. This form is common on the shores of 
Prince Edward Island and occurs on the adjacent coasts of New Brunswick 
and Eastern Quebec. There are also a few specimens intermediate between 
f. scabrinervis and f. mollis. The morphological characteric that distinguishes 
f. scabrinervis is too weak, in a taxonomic sense, to justify regarding it as a 
variety. 


Specimens Examined 

CANADA: PRINCE EDWARD ISLAND: Prince County: 3 miles NE. of Alberton, 
sandy shore on coast, D. Erskine and W. G. Dore 1044, type (DAO) and three 
isotypes. Queens Co.: Brackley Beach, rhizomes deep in sand, W. G. Dore 
and E. Gorham 45-240 (DAO). Brackley Point, sandy edge of salt marsh, 
D. Erskine 1684 (DAO). New Brunswick: Gloucester Co.: 24 miles 
NNW. of Bathurst, shoreline, sandy-gravelly soil, 7. J. Bassett and G. A. 
Mulligan 3037 (DAO). Westmoreland Co.: Cape Tormentine: sand beach 
of Northumberland Strait at Ferry Dock, W. G. Dore and D. Erskine 13716 
(DAO). QuepBec: Mingan Islands: Isle St. Géneviéve, Harold St. John 
sm., July 1, 1915 (CAN). Bonaventure Co.: Tracadigash (Carleton) 
Mountain, J. and T. Ouren 101 (DAO). Gaspé Co.: Riviére Dartmouth, 
P. B. Taché and A. Lepage 1081 (DAO). WKamaouraska Co.: Riviére Quelle, 
Sable maritime, S.A. P 446x (DAO). Along St. Lawrence River, Quai de la 
Riviére Quelle, quite common on upper beach, J. A. Calder 1318 (DAQ). 
St. Denis: sandy beach 1 mile NW. of the town, 3 of 6 spikes are f. scabrinervis, 
A. Hamel 22—9-52 (DAO). 


3a(ic). ELYMus MOLLIs Trin. subsp. MOLLIS var. MOLLIs f. simulans f. nov. 

A typo differt culmo laeve in partes summas ad basem jugi primi spiculorum. 
This new form differs from the type in the smooth culm tops in the areas 
adjacent to the bases of the first pairs of spikelets (Fig. 20). The culm top 
is quite glabrous in the type specimens of f. simulans. The smooth culm 
tops of f. simulans simulate the smooth culm tops of some specimens of the 
Northern European species, Elymus arenarius L. The spike, spikelet, and 
vegetative characteristics of f. simulans, as well as the tetraploid chromosome 
number, show that it is a form of Elymus mollis. 


Specimens Examined (All DAO) 

CaNnapDA: British Columbia: Vancouver: Spanish Banks, sand beach, 
public park, W. G. Dore 15062, type; two sheets of topotypes, mass collection 
of 17 spikes of which 11 are f. simulans, W. G. Dore s.n., June 3, 1954. Abun- 
dant, often forming large beds above Spanish Banks Beach, J. W. Eastham 
s.n., July 20, 1953. In the last specimen, five of the spikes are f. simulans 
but two additional spikes have a few hairs at the culm top just below the 
first pairs of spikelets. Another specimen, W. G. Dore s.n., June 3, 1954, 
is a population sample composed of nine spikes picked at random at spaced 
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intervals at Jericho Beach, Vancouver, B.C.; of the nine spikes, seven 
specimens have the densely pubescent culm tops commonly observed in f. 
mollis, while two spikes are close to f. simulans since there are only a few hairs 
on the culm tops. 


3a(ii). EELYMUS MOLLIs Trin. subsp. MOLLIS var. japonicus var. nov. 

A typo differt spicis angustioribus 0.8-1.0 cm. lat., spiculis brevioribus 
1.4-1.9 cm. long., atque culmis 56-65 cm. alt. This variety differs from var. 
mollis in the narrow, 0.8 to 1.0 cm. wide spikes, in the shorter, 1.4 to 1.9 cm. 
long spikelets (Fig. 9) and in the 56 to 65 cm. long flowering culms. The 
specimens were collected on the shores of Korea, the Vladivostok area, and 
Japan as shown in the lower right of Fig. 6. A few specimens intermediate 
between var. japonicus and var. mollis occurred on the coasts of Japan. 


Specimens Examined 

Japan: Hondo: Penins. Tateishi, prope Tsuruga, J. Ohwi 6661 type (US). 
Shiogama near Sendai, Anonymous 20/9/1914 (US). Rikuchu: Sakata’s 
Nurseries s.n., September, 1912 (S). KoreEA: In arenosis maritimis, Ouen 
San (=Wonsan=Oensan), U. Faurie 843 (W). USSR: MArITIME TERRI- 
TORY: Prov. Austro-ussuriensis: Poset: southwest of Vladivostok, A. P. 
Saverkin 199 (NY). 


3b. ELYMUS MOLLIS Trin. subsp. VILLOsIsstmuS (Scribn.) Léve, Bot. Not. 
1950:33. 1950. 
E. villosissimus Scribn., U.S. Dept. Agr., Div. Agrost. Bul. 17:326, 
Fig. 622. 1899. Macoun 16226, type (US!) Isotypes (CAN!). 
E. arenarius L. var. villosissimus (Scribn.) Polunin, Bull. Nat. Mus. 
Can. 92:96. 1940. 
E. mollis Trin. var. brevispicus Scribn. & Smith, U.S. Dept. Agr., Div. 
Agrost. Bull. 11:56. 1898 (type, US!). 

Scribner (l.c.) accurately described the distinguishing characteristics of 
villosissimus and specimens are found from Kamchatka to extreme north- 
eastern Siberia, St. Paul Island, the northern coast of Alaska and Northern 
Canada as far as Baffin Island. No specimens of the Arctic subspecies occur 
on the coasts of Greenland. Nevski (27) also described this taxon (as E. 
villosissimus) but he included specimens of subsp. interior in his concept. 

I examined the type specimen (US) and two isotypes (CAN) of subsp. 
villosissimus. They were collected by J. M. Macoun (16226) at St. Paul 
Island. There was a total of nine flowering culms. The culms were short, 
the leaves were short and narrow, and the spikes were short. The narrow 
glume backs were densely long-villous or lanate and the lemma backs were 
densely fine-pubescent (Fig. 10). The culm tops of the type specimens had 
long areas of dense pubescence (Fig. 17), which is usually the case in most 
specimens of E. mollis. Some specimens of subsp. villosissimus had glabrous 
culm tops (Fig. 18). 
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Representative Specimens of E. mollis Trin. subsp. villosissimus (Scribn.) 
Léve 

U.S.A.: ALAsKA: St. Paul Island: Bering Sea, Uplands, J. M. Macoun, 
16,226, Aug. 4, 1897 (type, US; two sheets, isotypes (CAN)). Tigara near 
Point Hope, AK. Rasmussen 1318 (C). Point Barrow, Sand spit in patches, 
wind blown sand soil, common, L. A. Spetzmann s.n., July 30, 1949 (CAN). 
EASTERN SIBERIA: Irajpij, F. R. Kjellman s.n., 9/12—-15/1878 (S). St. 
Lawrence Bay, 1895, type of Elymus mollis brevispicus (US). KAMCHATKA: 
Mutnovskaja Volcano, 800 m, E£. Hultén 4020b (S).. Avatcha Volcano, 675 
m, E. Hultén 616(S). CANADA: FRANKLIN: Baffin Island: Admiralty Inlet: 
Saputit, T. Mathiassen 110(C). Cape Dorset, in sand, M. O. Malte 12043 
(C). Melville Peninsula: Ross Bay, large stand in churned up manured 
sandy soil around ground squirrel burrows, W. J. Cody 1477 (DAO,C). 
MACKENZIE: Banks Island: de Salis Bay, A. Dutilly 18899 (US). Hanbury 
River, Dickson Canon, K. V. Radford s.n., Aug. 19,1911 (CAN). WKEEWATIN: 
Southampton Island: Coral Harbour, east of Hudson Bay Post, gravel beach 
of sea, common, W. J. Cody 1917 (DAO, C). Wag Island, 4 milles de Chester- 
field Inlet, A. Dutilly 4118 (DAO). Garry Lake; Island in Lake, dry sand, 
side of hill, G. A. Corcoran 19 (DAO). QuEBEc: Ungava: Wakeham Bay, 
F. Johansen 1152 (C). Wolstenhome, Hudson Strait, sandy beach, M. O. 
Malte 120931 (C). 


Intermediate Specimens (subsp. mollis inter subsp. villosissimus) 

In Fig. 5, intermediate specimens are shown to occur from eastern Siberia, 
Alaska, Northern Canada and James Bay to Northwestern Quebec. The 
following specimens were intermediate in their morphological characteristics: 
NORTHEASTERN SIBERIA: Anadyr: Post Novo Marinsk, Koslovsky s.n., 
Aug. 10th, 1920, (S). U.S.A.: ALASKA: Cold Bay, abundant in sandy coastal 
situations, W. B. Schofield 2328 (DAO). CANADA: MACKENZIE: Cape Dal- 
housie, sand dunes, A. £. and R. T. Porsild 2688 (CAN). Great Bear Lake: 
Sawmill Bay, northeast tip of Leith Peninsula, H. T. Shacklette 3069 (CAN). 
Scented Grass Hills Peninsula, south shore of Etacho Point, common in dune 
area, A. E. Porsild 17006 (CAN). WKEEWATIN: Chesterfield Inlet, west part 
of Settlement, sand disturbed by Parry’s Ground Squirrel, abundant, D.B.O. 
Savile and C. T. Watts 1512 (DAO). ONTARIO: Cape Henrietta Maria, dry 
sandy ridge, W. Y. Watson 123 (CAN). QueBeEc: 5 miles south of West 
Sugluk, MW. O. Malte 127015 (CAN). Wakeham Bay, Hudson Strait, M. O. 
Malte 12077 (CAN). Mantrosa: Fort Churchill, Lake Isabelle, NE. corner 
in willow thicket, D. K. Brown s.n., Oct. 30, 1951 (DAO). 


3c. ELyMmus MOLLIs Trin. subsp. interior (Hultén) comb. nov., based on 
E. interior Hultén, Flora Alaska and Yukon 2:270. 1942. Fig. 1c 

and Figs. 2a—c, pp. 191-192. A. Tolmatchew 434, type (S). 
Specimens of subsp. interior are readily distinguished by the shorter, nar- 
rower glumes, and the densely coarse-pubescent lemma backs (Fig. 11). 
The culm tops below the first pairs of spikelets are densely pubescent (Fig. 19). 
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The type specimen, A. Tolmatchew 434 (S), was collected from the southeastern 
coast of Taimyr Lake, which is an area that has an extreme climate. The 
culms of the type are shorter and the plants less robust than specimens from 
localities farther east. The stations from which I have seen specimens are 
plotted in the upper part of Fig. 6. Subspecies interior ranges from Lake 
Taimyr to Kamchatka. Hultén (15) mentioned that there were intermediate 
specimens and I noted several specimens from Kamchatka that were inter- 
mediate between subsp. interior and subsp. mollis. 


Specimens Examined 

USSR: Ostl. Taimyrland: Siidostkiiste des Taimyr-Sees, A. Tolmatchew 
434 (S), type of Elymus interior Hultén. Yakutsk Oblost: Verkhoyansk 
District: Tit-Ary near mouth of Lena River, P. Olenn 1178 (W).  Kisiljaclh 
(c. 70°), N. H. Nilsson s. n., 7.VII. 1898 (S). Balaganach, N. H. Nilsson 
s.n., 12. VIII. 1898(S) and 15.VII. 1898 (US). Kolimsk Okr., Valley of the 
Kolyma River (Kulemma River), J. Shulga s.n., 8, VIII. 1905 (US). Kam- 
CHATKA: near the Koyatzkaja Volcano, V. Komarov s.n., 1908, 17/7 (S). The 
mouth of Bolschaja River, V. Komarov s.n., 1908, 20/8 (S). The ‘‘Kobelols 
pass” between upper Karymchina and Baunaja River, EF. Hultén 3135 (S). 
Avatcha Volcano, Petropavlovsk, W. Eyerdam s.n., 25/VIII, 1928 (S,US). 
Avatcha Volcano, lava river, P. T. Novograblenov s.n., 30/7/1921 (US). 
“Klyuchi on Kamchatka River’, V. Komarov 4427 (W). 


4. ELYMUS X VANCOUVERENSIS Vasey (pro sp.), Torr. Bot. Club Bull. 
15:48. 1888. Type (US!) and photograph of type (DAO!). Isotype 
(CAN!). Leymus vancouverensis (Vasey) Pilger, Bot. Jahrb. 74:6. 
1945. Macoun 27 (type, US!); (isotype, CAN!). 

| have observed the following characteristics of specimens of . X vancou- 
verensis: Culm tops always with some pubescence, but variable from sparse 
to dense very short pubescent to denser longer pubescent below the first pairs 
of spikelets; spikes purplish to greenish with traces of purple, sometimes 
with a sky-gray bloom; glumes narrower than those of /. mollis; glumes and 
lemmas firm; glumes strongly midnerved; glumes and lemmas tapering to 
short scabrous awns that are the prolongations of the distal ends of the 
midnerves; glume backs tending to be glabrous towards the bases, more 
pubescent towards the apices, often with long hairs along the upper halves 
of the midnerves, or sometimes along the glume margins, lemma _ backs 
tending to be glabrous but sometimes with short pubescence in the marginal 
and apical areas; forming large patches by vigerous spreading of rhizomes. 
Specimens of £. X vancouverensis were collected on sand beaches from Southern 
British Columbia to California. 

Elymus X vancouverensis appears to be a hybrid complex that originated 
from the hybridization of £. mollis Trin. var. mollis and another west-coast 
species, probably £. triticoides Buckl. It occurred to me several years ago 
that this was probably an interspecific hybrid complex and I considered 


that one of the parents was almost certain to have been EF. mollis var. mollis. 
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Dr. G. L. Stebbins, Jr. (40) wrote to me as follows: ‘‘We have material of 
Elymus vancouverensis in our garden at Berkeley. Although it is a very 
vigorous plant, it sets very little seed. I have found this to be true of all 
plants of this species which I have seen in California. On the basis of its 
morphology, I consider it to be a ~eries of hybrids between E. mollis and 
E. triticoides. Whenever I have secn it, it has been growing with those two 
species, and it is intermediate in every respect.’’ Specimens of E. triticoides 
have not been collected yet on the coasts of Southern British Columbia. The 
nearest stations are in northwestern Washington State. It would be of 
great interest to know if E. triticoides occurs in Southern British Columbia 
and further search may show its presence. 


Key to the Nothomorphs of Elymus X vancouverensis Vasey 

a. Spikes shorter, (7.2)—13.0-(17.7) cm. long; slender culm tops, (0.6)—1.0— 
(1.3) mm., diameters measured 1 cm. below the first pairs of spikelets; 
culms slender below, (2.5)—3.2—(4.0) mm., measured at widest diameters 
of lower internodes; culm tops with very short pubescence below the 
first pairs of spikelets..........................4a@. nm. vancouverensis. 
a. Spikes longer, (12.0)-18.4-20.4-(32.0) cm. long; coarser culm tops, 
(1.0)—1.2-1.6-(2.1) mm., diameters measured 1 cm. below the first 
pairs of spikelets; culms coarser below (2.5)—3.1—3.3—4.0—4.6-(6.5) mm., 
measured at widest diameters of lower internodes; culm tops with 
longer pubescence below the first pairs of spikelets....................0 
b. Spikes longer (19.6)—20.4-(32.0) cm., culms coarser, (1.2)—1.6-(2.1) 
mm., diameters measured 1 cm. below the first pairs of spikelets and 
(3.3)—4.6-(6.5) mm. measured at widest diameters of lower internodes; 
culm tops with denser longer pubescence below the first pairs of 
PIRES res fe Si ied Beaker ia 4b(i) nm. californicus nm. nov. 

b. Spikes shorter (12.0)—18.4—(27.2) cm.; culms less coarse, (1.0)—1.2- 
(1.6) mm., diameters measured 1 cm. below the first pairs of spikelets 

and (2.5)—3.1-(4.0) mm. measured at widest diameters of lower 
internodes; culm tops with intermediate-length pubescence below 

the first pairs of spikelets........... 4b(ii) nm. crescentianus nm. nov. 


4a. ELYMUS X VANCOUVERENSIS Vasey nm. VANCOUVERENSIS 

The original description of Vasey (l.c.) was brief and accurately described 
some characteristics of the type specimen; it applies to numerous later collec- 
tions that closely resemble the type. Vasey referred only to Macoun’s 
collection of 1887. Macoun (26) described the location of the original 
collection in more detail: ‘‘Abundant, growing in sand close to the sea; on 
Mr. Fuller’s farm, Oak Bay, near Victoria, Vancouver Island. Extensively 
creeping in the sand, by running root-stocks. collected June 30th, 1887. 
(Macoun).”’ The labels of the type and isotype sheets both show “Oak Bay, 
Vancouver Island, Macoun, June 18, 1887.’ A revised description of E. X 
vancouverensis was given in Chase’s revision of Hitchcock’s manual (13). 
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Numerous specimens of the typical nothomorph are so similar to the type 
and isotype sheets as to be indistinguishable from them. Occasionally there 
is a little more pubescence on the lemma backs. Both the glume and lemma 
backs are shiny and lack bloom in nm. vancouverensis. The purplish spikes 
have a characteristic appearance and are shorter and broader compared with 
the spikes of the two other nothomorphs. In specimens of the typical 
nothomorph, the culm tops below the first pairs of spikelets are consistently 
very short pubescent. In the plots, the plants formed numerous rhizomes 
and spread rapidly. The leaves of living plants of nm. vancouverensis in 
the plots had a shiny appearance (abaxial leaf blade surfaces) that distin- 
guished them from the other nothomorphs. This characteristic is difficult 
to observe in dried specimens. More than half of the specimens of E. X 
vancouverensis that I examined were nm. vancouverensis. All the locations 
were on Vancouver Island or in the vicinity of Vancouver. 


Specimens Examined 

BriTIsH COLUMBIA: Vancouver Island: Oak Bay, Macoun 27, June 18, 
1887 (type, US); (isotype, CAN). Beacon Hill, Macoun s.n., July 4, 1887 
(CAN). Comox Spit, J. W. Eastham s.n., 29/6/1939 (UBC). Saanichton 
Spit, W. A. Hubbard s.n., June, 1954 (DAO). Esquimalt, M. O. Malte s.n., 
23/8/1911 (DAO). Fowl Bay near Victoria, Macoun s.n., Aug. 18, 1893 
(CAN). Victoria, J. Fletcher s.n., July 24, 1898 (DAQO). Victoria, Beacon 
Hill Park, J. W. Eastham s.n., 12/7/1938 (DAO; 2 sheets, UBC). Victoria, 
Beacon Hill, G. Copley 8-4 (DAO). Sidney, M. O. Malte (no. 108376), June 18, 
1911 (DAO). Sidney, J. W. Eastham s.n., June 13, 1939 (DAO). Qualicum, 
Benbow Inn, J. W. Eastham 16,349 (DAO). Vancouver: Crescent Beach, 
W. G. Dore and J. W. Eastham 15070 and 15071 (DAQ). Jericho Air Station, 
J. W. Eastham s.n., July 20, 1953 (DAO). Locarno Park, J. W. Eastham s.n., 
4/7/1938 (UBC), July 4, 1938 (DAO), 20/6/1937 (three sheets, UBC), 
27/6/1937 (UBC), 8 July, 1945 (DAO). Near Locarno Beach, J. W. Eastham 
s.n., July 3, 1938 (three sheets, DAO). North Vancouver: M. O. Malte 
107724, Aug. 8, 1917 (DAO). Ladner: J. W. Eastham s.n., 25/6/1937 (UBC). 


4b(i). ELYMus X VANCOUVERENSIS Vasey nm. californicus nm. nov. 

A typo differt spicis longioribus (19.6)—20.4—(32.0) cm., culmis crassioribus 
(1.2)-1.6-(2.1) mm. summis, (3.3)—4.6-(6.5) mm. basis atque culmis summis 
pilis densioribus longioribusque. 

This nothomorph differs from the typical northomoph in the longer spikes, 
coarser culms, and the culm tops with denser, longer pubescence below the 
first pairs of spikelets. The glume and lemma backs have a covering of 
whitish-gray bloom but this is difficult to see in some specimens although all 
spikes of the type and isotypes have this characteristic. The specimens 
examined were collected on ocean beaches from California to British Columbia. 
Specimens Examined 


Type: Cultivated plants in the gardens of the Division of Genetics, Univer- 
sity of California, Berkeley, California, grown from rhizomes originally 
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collected in sand at Stinson Beach, Marin County, California, in 1945 and 
growing with EF. mollis and E. triticoides; G. L. Stebbins, Jr. 3594, July 28, 
1953 (holotype, DAO and three isotypes); and one sheet, grown at Ottawa 
from living rhizomes of the same collection transplanted in August, 1953, 
col. in Arboretum plots by Wray M. Bowden, Cyt. No. 1678 C2, June 21, 1955 
(hortotype, DAO). CA LirorniA: Humboldt County: Eureka: Sand dunes 
near Samoa. Forming large patches. Blades flat, glaucous. A. S. Hitch- 
cock 1506 (DAO). British CoLumMBIA: Vancouver Island: Sydney, J. 
Macoun 712, July 28, 1908 (CAN). Esquimalt. M. O. Malte 23/8/1911 
(DAO). Vancouver: Crescent Beach, gravel on beach, W. G. Dore and 
J. W. Eastham 15068 (DAO). Crescent Beach, south of Settlement; behind 
beach in wet trough, in open; last year’s culms, W. G. Dore and J. W. Eastham 
15074 (DAO). Crescent Beach, J. W. Eastham s.n., 29/6/1942 (UBC). 
Near beach, Ambleside, J. W. Eastham s.n., 23/8/1939 (UBC). Kitrilano 
Beach, 21/8/11 (UBC). West Vancouver, J. W. Eastham s.n., Aug. 23, 
1939 (DAO). 


4b(ii). ELYMUS X VANCOUVERENSIS Vasey nm. crescentianus nm. nov. 

A typo differt spicis longioribus (12.0)—18.4—(27.2) cm., culmis crassioribus 
(1.0)—1.2—(1.6) mm. summis, (2.5)—3.1—(4.0) mm. basis atque culmis summis 
pilus mediis. 

This nothomorph differs from the typical nothomorph in the longer spikes, 
coarser culms, and culm tops with somewhat longer pubescence below the 
first pairs of spikelets. The leaf blades tend to be narrower in specimens 
of nm. crescentianus but this characteristic is difficult to compare because of 
the inrolling of the leaf blades in many specimens. The culms are not as 
coarse and the culm top pubescence is shorter in specimens of nm. crescenti- 
anus compared with specimens of nm. californicus. Specimens of nm. cres- 
céntianus were examined from the vicinity of Vancouver and Sidney in South- 
ern British Columbia. 


Specimens Examined 

British COLUMBIA: Vancouver: Crescent Beach: Among driftwood and 
shingle; near Dore and Eastham 15066 (which is FE. mollis Trin. var. mollis); 
at top of beach; essentially green foliage; immature spike, W. G. Dore and 
J. W. Eastham 15067, June 4, 1954, type (DAO), and two sheets of horto- 
types, grown from living plants from the same collection: Arboretum plots, 
Wray M. Bowden, cyt. No. 1792C1, June 21, 1955, and self-sterile spikes, 
July ‘25, 1955, and second sheet, July 25, 1956 (DAQO). Crescent Beach: 
J. W. Eastham s.n., 29/6/1942 (two sheets, UBC). Edge of Jericho Golf 
Links, J. W. Eastham s.n., 27/6/1937 (two sheets, UBC). Near Beach, 
Ambleside, J. W. Eastham s.n., 23/8/1939 (two sheets, UBC). Sidney. 
H. Groh s-n., Sept. 30, 1930 (DAO). 

In addition to the above specimens of Elymus X vancouverensis, I have 
noted two specimens that do not fit any of the above nothomorphs. On the 
basis of morphological characteristics, one specimen appears to me to be a 
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backcross hybrid, E. X vancouverensis X E. mollis var. mollis. The sheet is: 
Washington: Pacific County: near Long Beach. Moist soil near ocean. 
W. A. Silveus 3052, July 21, 1938 (DAO). The glumes and lemmas have 
short, scabrous awns and the pubescence of the glumes and lemmas is not 
characteristic of E. mollis var. mollis. Otherwise, the specimens resemble 
E. mollis var. mollis, particularly the large coarse culms and the culm top 
pubescence. This backcross hybrid could be given another nothomorph 
name under Elymus X vancouverensis but 1 would want to examine more 
specimens of backcross hybrids before proposing a nothomorph name for 
them. 

The other unusual specimen is: BriTIsH COLUMBIA: Vancouver Island: 
Vicinity of Ucleulet, Leache’s Cove, John Macoun s.n., July 26, 1908 (CAN). 
The culm is coarse as in E. mollis trin. var. mollis and the plant is about 165 
cm. high. The spike is very long, about 28.0 cm. from the first pair of spikelets 
to the tip of the spike. The spikelets are long, about 3.0 cm., and purplish. 
The scabrous lemma awns are long and the glumes have short scabrous awns. 
The glumes are 5-nerved, thin, pliable, and the glume backs have short, scat- 
tered hairs. The culm top is very short-pubescent. On the basis of 
morphology, this specimen may be a hybrid, EF. mollis Trin. var. mollis K E. 
glaucus Buckl. If this parentage is correct, a new name would have to be 
used for this hybrid, since the name FE. X vancouverensis Vasey applies only 
to plants with the same ancestral parental species as the typical nothomorph 
(nm. vancouverensis) that appear to me to be E. mollis var. mollis and E. 
triticoides. 

Cytology 

In the citation of accession numbers listed below, ‘‘C’’ means clone, i.e. 
plant grown from living plant material (rhizomes) and ‘‘S’’ means seedling 
plant grown from seed and the plant grown to maturity. All specimens cited 
are deposited in the Divisional Herbarium (DAQ). 


Elymus racemosus Lam. 

Avdulov (2) reported 2” = 28 in E. giganteus and Sokolovskaja and Strelkova 
(38) observed the same number. Brown (6) reported 2n=28 in E. sabulosus 
and 2n=56 in EF. giganteus. In view of the fact that I found only 27=28 
in plants of both varieties of E. racemosus, it seems likely that Brown's count 
of 2n=56 was made on material that belonged to another Elymus species. | 
received one accession labelled E. giganteus that proved to be octoploid, 
2n=56, but was incorrectly identified and belonged to FE. angustus Trin. 


Elymus racemosus Lam. var. racemosus 

In material that I examined, the tetraploid chromosome number, 2” = 28, 
was found in all plants. The preserved specimens are: Cyt. No. 1819C1 
and 1819S1 (two sheets), Arboretum plots, Wray M. Bowden, June 22, 1956; 
grown from living plant and seed, respectively, from State University, Wagen- 
ingen, Netherlands; orig. seed source, Hortus Botanicus Alma Ata, USSR. 
Cyt. No. 1819, original specimen from Arboretum, Landbouwhogeschool, 
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Wageningen, Netherlands, sent by mail, July, 1954; 2n=28 det. on 1819C1 
and 1819S1. Cyt. No. 1834C1 and 1834C2 (two sheets), Wray M. Bowden, 
July 13, 1956; grown from living plant from Forage Crops Laboratory, 
Saskatoon, Sask. (1927-2585), grown orig. from seed from Uppsala, Sweden. 
Cyt. No. 1834, original specimens sent by mail from Forage Crops Lab., 
Saskatoon, Sask., July 29 and August 23, 1954 (four sheets); 2n=28 det. 
on 1834C1 and 1834C2; Fig. 30. 


Elymus racemosus Lam. var. sabulosus (Bieb.) comb. nov. 

The tetraploid chromosome number, 2” = 28, was observed in all plants of 
var. sabulosus that I studied. The following specimens have been preserved: 
Cyt. No. 806S1, grown from seed from Erevan, Kanaher, Armenian SSR; 
Arboretum plots, Wray M. Bowden and J. W. Chapman, June 28, 1949; 
J. Macdonald, June 25, 1951; Wray M. Bowden, July 7, 1952 (two sheets); 
and Wray M. Bowden and R. Roger, July 15, 1954; 2n=28 det. on 806S1. 
Cyt. No. 1522S1, grown from seed from G. L. Stebbins, Jr., University of 
California, Berkeley, Calif.; original source USSCS, Tucson, Arizona; Ar- 
boretum plots, Wray M. Bowden and R. Roger, July 15, 1954. Cyt. No. 
1522, original specimen, G. L. Stebbins, Jr. No. 576-5, June 25, 1947; 2n=28 
det. on 152251, S2, and S3 (three different seedlings); Fig. 28. Cyt. No. 
1786, grown from seed from Botanic Garden, Berlin, Germany; transplanted 
from Forage Nursery, C.E.F., Ottawa, No. 1927-5758, Range 5, Row 65; 
specimens preserved of six seedlings, $1,S4,S5,S6,S7, and S10; Arboretum 
plots, Wray M. Bowden, June 16, 1955; 2n=28 det. on 1786S1, S4,S5,S6,S7, 
and $10, but not S9, which is E. angustus Trin. 


Elymus arenarius L. 

Numerous cytologists have reported the octoploid chromosome number, 
2n=56, for material of E. arenarius L., including Stahlin (39), Ostergren (29), 
Gudjonsson in Grontved (11), Sokolovskaja and Strelkova (38), and Bécher 
and Larsen (3). Love (in a letter) stated that material of FE. arenarius 
collected in Iceland was octoploid. In the present study, the octoploid 
number was consistently observed in some collections of E. arenarius from 
Northern Europe and three localities in North America where the plants had 
been introduced. The preserved specimens in DAO are: Cyt. No. 1521, 
Sweden: Skane: Vitemolle, orig. seeds col. by M. Simonet, July 8, 1948; 
plots at University of California, Berkeley, Calif., seed specimen, G. L. Steb- 
bins, Jr., July 8, 1949. Cyt. No. 1521S1, Arboretum plots, Wray M. Bowden 





Fics. 25-30. Photomicrographs of somatic chromosome complements in permanent 
section-smears of root-tip cells. Fig. 25. Elymus mollis Trin. subsp. mollis var. mollis, 
Cyt. no. 1519S3, British Columbia, 2n=28. Fig. 26. E. mollis Trin. subsp. mollis var. 
mollis {. scabrinervis f. nov., paratype, Cyt. no. 1707S1, New Brunswick, 2n=28. Fig. 27. 
E. mollis Trin. subsp. villosissimus (Scribn.) Live, Cyt. no. 622C1, Coral Harbour, South- 
ampton Island, 2n=28. Fig. 28. E. racemosus Lam. var. sabulosus (Bieb.) comb. nov., 
Cyt. no. 1522S1, cultivated, 2n=28. Fig. 29. E. arenarius L., Cyt. no. 1706S1, France, 
2n=56. Fig. 30. E. racemosus Lam. var. racemosus, Cyt. no. 1834C1, cultivated, 
2n=28. 
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and R. Roger, July 15, 1954; 2n=56 det. on 1521S1. Cyt. No. 1706, France: 
southwest coast of Contentin, on the downs of the Bec d’Andaine and south 
of Granville in Normandy (three sheets), J. Nehou, August 3, 1953; 2n=56 
det. on Cyt. No. 1706S1 and S2; Fig. 29. Cyt. No. 1758, England: Dorset: 
Studland, foredunes, J. Paton s.n., Sept. 23, 1953 (three sheets). Cyt. No. 
1758S1, Arboretum plots, Wray M. Bowden, June 22, 1956; 2n=56 det. on 
1758S1 and S2. Cyt. No. 1761, Netherlands: North Holland: Friesland: 
Isle of Terschelling, K. U. Kramer s.n., August, 1953. Cyt. No. 1761S1, 
Arboretum plots, Wray M. Bowden, June 22, 1956; 2n=56 det. on 1761S1 
and $2. Cyt. No. 1762, Netherlands: South Holland: Isle of Voorne, C. 
Sipkes s.n., August, 1953 (two sheets). Cyt. No. 1762S1, Arboretum plots, 
Wray M. Bowden, June 22, 1956; 2n=56 det. on 1762S1 and S2._ Intro- 
duced material of FE. arenarius L.: Cyt. No. 1703, Canada: Quebec: 
Argenteuil Co.: Lachute. In about four large patches near the northeast end 
of reclaimed sand dunes, about 1 mile east of Lachute, originally from large 
clones from two seedlings grown from seed from Scotland and introduced by 
Experimental Farm (1898 to 1904), Wray M. Bowden and B. Boivin 69-53, 
August 28, 1953 (five sheets (DAO) and duplicates for distribution); 2n=56 
det. on five plants. Cyt. No. 1785, British Columbia: Traill: Tadanac in 
Columbia Valley, W. G. Dore 15048 (two sheets). Cyt. No. 1785C1, 
Arboretum plots, Wray M. Bowden, June 22, 1956; 2n=56 det. on 1785C1. 
Cyt. No. 1573, U.S.A.: Illinois: Along the Lake Michigan shore near the 
mouth of Dead River, north of Waukegan, F. A. Swink s.n., July 19, 1952. 
Cyt. No. 1573S1, Arboretum plots, Wray M. Bowden and R. Roger, July 
15, 1954; 2n=56 det. on 1573S1 and S2. Cyt. No. 1574, Illinois: Along 
the Lake Michigan shore near the property of the Chevrolet Company in 
Waukegan, O. C. Durham s.n., August 19, 1952 (two sheets). Cyt. No. 
157481, Arboretum plots, Wray M. Bowden and R. Roger, July 15, 1954; 
2n =56 det. on 1574S1, S2, and S3. 


Elymus mollis Trin. subsp. mollis var. mollis 

The tetraploid chromosome number, 2” = 28, was reported by Léve 
(24) for plants of E. mollis from Iceland, and Bécher and Larsen (3) found 
the same number in material from southwestern Greenland. Dr. G. L. 
Stebbins, Jr. (unpublished data) also found the tetraploid number in plants 
from California and Washington. The following list of preserved specimens 
(DAO) represents the plants examined cytologically by the author and several 
specimens determined by Stebbins and by Léve. All the plants had the somatic 
chromosome number, 2” = 28. Alaska: Cyt. No. 1350S1, Kenai Peninsula: 
Portage, old seed given to J. A. Calder, summer, 1951. Cyt. No. 1371 S1 and 
S3, Kasilof, common in sand along upper margin of beach, J. A. Calder 6713. 
Cyt. No. 1372 $1,S2, and $3, Homer Spit, along upper part of beach, J. A. 
Calder s.n., DAOM 28296. U.S.A.; Washington: Birch Bay, grown from 
seed by Division of Genetics, Berkeley, California, G. L. Stebbins, Jr. 021, 
2n = 28 det. by G. L. Stebbins, Jr. California: Humboldt Co.: north of 
Trinidad, Little River Beach, among sand dunes, G. L. Stebbins, Jr. 3105, 
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2n = 28 det. by G. L. Stebbins, Jr. Canada: British Columbia: Cyt. No. 
1519 Si and $3, Vancouver Island: Telegraph Bay, sandy beach midway 
between Saanichton and Victoria, Wm. Newton s.n., Aug. 7, 1952; Fig. 25. 
Cyt. No. 1806C1, Saanichton Spit, original specimen with wide spike, W. A. 
Hubbard s.n., June, 1954. Cyt. No. 1805C1, Saanichton Spit, W. A. Hubbard 
s.n., June, 1954. Cyt. No. 1791C1, Vancouver: Crescent Beach, shingle 
beach, W. G. Dore and J. W. Eastham 15066. Cyt. No. 1802C1, Crescent 
Beach: south of summer colony, upper sand beach, W. G. Dore and J. W. 
Eastham 15079. Cyt. No. 1837S1, Prince Rupert, J. A. Calder and D. B. O. 
Savile s.n., July 25, 1954. Manitoba: Cyt. No. 672C1, Fort Churchill, 
J. M. Gillett s.n., August, 1948. Quebec: Cyt. No. 1565S1, James Bay: 
Nottaway River, G. M. Stirrett 877. Cyt. No. 95751, Hudson Bay: Great 
Whale River: 4 mile west of Hudson Bay Post, sand shore and beach ridges, 
D.B.O. Savile 740. Cyt. No. 652C1, Ungava: Fort Chimo, J. A. Calder 
s.n., August, 1948. Cyt. No. 1533 C2, C3, and C5, not other clone numbers, 
Kamouraska Co.: St. Denis, sandy beach 1 mile NW. of town, A. Hamel 
22-9-52. Cyt. No. 448C1, Rimouski Co.: Bic, erect to 3 ft., shore above 
tide, H. A. Senn 3282. Newfoundland: Cyt. No. 1412S1, St. Anthony: 
Cremaillere, gravel beach near storm tide mark, D. B. O. Savile and J. Vaillan- 
court 2512. Cyt. No. 1111S1, Labrador: North West River, sandy beach 
above high tide mark, J. M. Gillett and W. I. Findlay 5521. Cyt. No. 1112S1, 
Hamilton River, an island near Goose Bay, sandy dunes, J. M. Gillett and 
W. I. Findlay 5705. Cyt. No. 1830C1, west end of Hebron Fiord, continuous 
band along beach of sand and gravel above tide-mark, J. M. Gillett 8822. 
Ontario: Cyt. No. 1839C2, 2 miles south of Schreiber, sandy gravel beach 
of Lake Superior, large sparse patch, H. L. J. Rhodes 8583. New Brunswick: 
Cyt. No. 170851, Westmoreland Co.: 3 miles west of Cape Tormentine, 
sandy shoreline, J. J. Bassett and G. A. Mulligan 2944A. Nova Scotia: 
Cyt. No. 1705C1, Lunenburg Co.: on beach, west side of Squid Cove, about 
4 miles from Chester on Old Halifax Road, in gravel between rocks at extreme 
high tide line, common along the coast, especially in sandy locations. M. N. 
Zinck s.n., Aug. 26, 1953. Cyt. No. 151851, Kings Co.: Huntington Point 
near Hall’s Harbour, soil of unstable sea-bluff, forming colonies, rhizomatous, 
D. Erskine 1483. Prince Edward Island: Cyt. No. 1557S1, Queens Co.: 
Wood Islands, sand spit joining island to mainland, rhizomatous, in clumps, 
D. Erskine 1335. Iceland: Arnessysla: Skeid: Osabakkar, sand dunes, 
Elymetum community, A. and D. Léve AO88 2n = 28 det. by A. and D. Léve, 
chromosome number determined on this specimen (DAO), not duplicates of 
AO88 (CAN! S!), which are E£. arenarius L. 


Elymus mollis Trin. subsp. mollis var. mollis f. scabrinervis f. nov. 

The plants of forma scabrinervis were tetraploid, 2n = 28. The specimens 
examined cytologically are: New Brunswick: Cyt. No. 1487, Westmoreland 
Co.: Cape Tormentine, sand beach of Northumberland Strait at Ferry Dock, 
W. G. Dore and D. Erskine 13716; Cyt. No. 1487C1, Arboretum Plots, 
Wray M. Bowden and R. Roger, June 24, 1954; 2n = 28 det. on 1487C1 and 
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C5. Cyt. No. 1707, Gloucester Co.: 24 miles NNW. of Bathurst, shoreline, 
sandy-gravelly soil, J. J. Bassett and G. A. Mulligan 3037; 2n = 28 det. on 
1707S1; Fig. 26. Quebec: Cyt. No. 1533 C1, C4, and C6, not other clone 
numbers, Kamouraska Co.: St. Denis, sandy beach 1 mile NW. of the town, 
A. Hamel 22-9-52, 2n = 28 det. on Cyt. No. 1533 C1, C4, and C6. 


Elymus mollis Trin. subsp. mollis var. mollis f. simulans f. nov. 

The plants were tetraploid, 2x = 28, but one plant had a supernumerary 
chromosome; this was the only plant with an extra chromosome encountered 
during the present investigation. The preserved specimens are: British 
Columbia: Cyt. No. 1787C1, Vancouver: Spanish Banks: W. G. Dore 15062, 
type of f. simulans. Cyt. No. 1607, same locality, J. W. Eastham s.n., July 20, 
1953. 2n = 28 det. on 1787C1 and 1607 C1, C2, C3 and 1607 S2, S3, S4, 
and S5; 2” = 29 det. on 1607S1. 


Elymus mollis Trin. subsp. villosissimus (Scribn.) Live 

Love (24) reported the tetraploid number, 2n = 28, in seedlings that he 
grew from material from the American Arctic. All the plants of subsp. 
villosissimus that I examined cytologically were tetraploid. The preserved 
specimens are: Canada: Franklin: Cyt. No. 580, Baffin Island: Frobisher 
Bay, H. A. Senn s.n., July 1948. Cyt. No. 617, same locality, J. A. Calder s.n., 
July, 1948. Cyt. No. 622, Keewatin: Southampton Island: Coral Harbour: 
South Bay, in sand on seabeach, W. J. Cody 2025; Cyt. No. 622C2, grown 
from living plants of same collection, Arboretum plots, Wray M. Bowden 
and R. Roger, June 24, 1954; 2n = 28 det. on 622 C1, C2, and S1; Fig. 27. 
Cyt. No. 1413, Mackenzie: Bathurst Inlet, moist sand, W. J. Campbell 55; 
Cyt. No. 1413S1, plant grown from seed from original specimen, Arboretum 
plots, Wray M. Bowden and R. Roger, June 24, 1954, and Wray M. Bowden, 
June 18, 1956; 2n = 28 det. on 1413S1. 

The following collection is intermediate between subsp. mollis and subsp. 
villosissimus: Manitoba: Cyt. No. 1345, Fort Churchill, Lake Isabelle, 
NE. corner in willow thicket, D. K. Brown s.n., Oct. 30, 1951; Cyt. No. 
1345C5 and 1345C9, Arboretum plots, Wray M. Bowden, June 18, 1956 
(two sheets); 10 living clones were examined cytologically and all were 
tetraploid, 2m = 28. 


Elymus X vancouverensis Vasey nm. vancouverensis 

Plants of the typical nothomorph were always hexaploid, 2~=42. The 
preserved specimens examined cytologically are: British Columbia: Cyt. No. 
1608, Vancouver, entrance to Jericho Air Station, complete specimen and 
last year’s sterile spikes, J. W. Eastham s.n., July 20, 1953. Cyt. No. 1608C1, 
grown from living plants, Arboretum plots, Wray M. Bowden, June 16, 1955; 
2n=42 det. on 1608 C2 and C3. Cyt. No. 1789C1, same locality, grown from 
plants col. by W. G. Dore 15064; Arboretum plots, Wray M. Bowden, June 16 
and June 21, 1955 (two sheets). Cyt. No. 1795C1, near Vancouver; Crescent 
Beach, moist depres:'on along gravel bed, grown from plants col. by W. G. 
Dore and J. W. Eustham 15070; Arboretum plots, Wray M. Bowden, June 21, 
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1955. Cyt. No. 1796C1, Crescent Beach, sand beach in park, green foliage, 
low growth, large clone with few culms, W. G. Dore and J. W. Eastham 15071 
and Arboretum plots, Wray M. Bowden, June 21, 1955. Cyt. No. 1804C1, 
Vancouver Island: Saanichton Spit, W. A. Hubbard s.n., June 1954. 


Elymus X vancouverensis Vasey nm. californicus nm. nov. 

The plants of nm. californicus were always hexaploid, 2n=42. The pre- 
served specimens are: U.S.A.: California: Cyt. No 1678, cultivated plants 
grown in the gardens of the Division of Genetics, University of California, 
Berkeley, California, grown from rhizomes originally collected in sand at 
Stinson Beach, Marin County in 1945. G. L. Stebbins, Jr. 3594, July 28, 
1953, holotype and isotypes. Cyt. No. 1678C2, Arboretum plots, Wray M. 
Bowden, June 21,1955, hortotype. 2n=42 det. on 1678 Cland C2. Canada: 
British Columbia: Cyt. No. 1793C1, Vancouver: Crescent Beach, gravel on 
beach, W. G. Dore and J. W. Eastham 15068. 


Elymus X vancouverensis Vasey nm. crescentianus nm. nov. 

Only one accession of nm. crescentianus was grown in the plots. The single 
clone of Cyt. No. 1792C1 was grown from the same collection as the type of 
nm. crescentianus and proved to have the tetraploid chromosome number, 
2n=28. ‘The preserved specimens are: Cyt. No. 1792, British Columbia: 
Vancouver: Crescent Beach: W. G. Dore and J. W. Eastham 15067, June 4, 
1954, type. Cyt. No. 1792C1, two sheets of hortotypes grown from living 
plants from the same collection; Arboretum plots, Wray M. Bowden, June 21, 
1955, and self-sterile spikes, July 25, 1955; and second specimen, July 25, 
1956. 


Other Species 

During the present study, the author was primarily interested in three 
species, E. racemosus Lam., E. arenarius L., and E. mollis Trin. Specimens 
of three other species from Central Asia that were described by Trinius in 
Ledebour (19) were studied in less detail: E. dasystachys Trin. in Ledeb., E. 
angustus Trin. in Ledeb. and E. ovatus Trin. in Ledeb. Grisebach in Ledebour 
(20) grouped all these species in section Psammelymus but Nevski (27) placed 
the last three species in the genus Aneurolepidium. About four dozen her- 
barium specimens of the last three species, on loan from several herbaria, were 
examined. Quite a few specimens that had been labelled E. giganteus Vahl 
proved to be incorrectly indentified and most of the incorrect ones, particularly 
specimens from Eastern Asia, belonged in the E. angustus complex. . A few 
collections of living plants of EF. angustus and E. dasystachys were grown in 
the experimental plots; and some specimens and collections of E. triticoides 
Buckl. were studied in order to understand the E. & vancouverensis complex. 
The two collections of E. angustus were not rhizomatous; they were morpho- 
logically different from one another and had different chromosome numbers. 
The collection of E. dasystachys was very vigorous and each plant formed a 
large area of spreading rhizomes in a short time. 
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Elymus dasystachys Trin. 

Sokolovskaja and Strelkova (38) reported 2n=28 in E. dasystachys. The 
plants that I grew also had the tetraploid chromosome number. The pre- 
served specimens are: Cyt. No. 1807, Experimental Farm, Brandon, Manitoba, 
introduced from Forage Division, Ottawa; originally grown from seeds from 
Gorkii University, USSR; G. A. Stevenson 861, June 28, 1954 (two sheets). 
Cyt. No. 1807C1 and S1, Arboretum plots, Wray M. Bowden, June 22, 1956 
(two sheets). Cyt. No. 1807C1, Wray M. Bowden, June 21, 1955. 2n=28 
det. on 1807 C1, C2, and S1. 


Elymus angustus Trin. 

De Litardiére (23) reported 27=28 for plants identified as E. angustus. 
Of the two living collections of this species that I studied, one was hexaploid, 
2n =42 and the other was octoploid, 2” =56. 

The preserved specimens of the hexaploid are: Cyt. No. 178659, grown 
from seed from Botanic Garden, Berlin, Germany, transplanted from Forage 
Nursery, C.E.F., Ottawa, No. 1927-5758, Range 5, Row 65; Arboretum 
plots, Wray M. Bowden, July 15, 1954 and June 21, 1955 (two sheets); 2n= 
42 det. on 1786S9 but not other seedlings of Cyt. No. 1786, which were tetra- 
ploid plants of Elymus racemosus Lam. var. sabulosus (Bieb.) comb. nov. 

The specimens preserved of the octoploid are: Cyt. No. 1520, grown from 
seed from Dr. G. L. Stebbins, Jr., University of California, Berkeley, Calif., 
from seed originally from USSCS, Pullman, Washington, PI No. 108487, 
orig. from Russia. Cyt. No. 1520, original seed specimen, G. L. Stebbins, Jr., 
592-6, June 25, 1947, 2n=56 det. by G. L. Stebbins, Jr. Cyt. No. 1520 S1 
and §2, Arboretum plots, Wray M. Bowden and R. Roger, July 15, 1944 
(two sheets). 217 =56 det. on Cyt. No. 1520 S1, S2, and S3. 


Elymus triticoides Buckl. 

Chromosome numbers of E. triticoides have been reported by several cytol- 
ogists. Stebbins and Léve (41) found tetraploids, 2x=28 and hexaploids, 
2n=42; Hartung (12) reported tetraploids and Brown (6) observed a hexa- 
ploid collection. Dr. G. L. Stebbins, Jr. sent me seed of four different collec- 
tions of EF. triticoides. Some plants of each accession were grown but plants 
of only Cyt. No. 1755 and 1756 were grown to maturity, i.e. produced flowering 
culms, so that specimens are preserved of only those two numbers. The 
tetraploid number, 2” = 28, was observed in one seedling of each of the four 
collections. The material studied was: Cyt. No. 1753S1, seed col. by G. L. 
Stebbins, Jr., ET 2735, Arroyo Mocho, Alameda Co., California. Cyt. No. 
1754S1, seed col. by G. L. Stebbins, Jr., ET 3478, 3 miles east of Carmel on 
Carmel Valley Road, Monterey Co., California. Cyt. No. 1755S1, seed col. 
by G. L. Stebbins, Jr., ET 5021, 15 miles NW. of McKittrick, Kern Co., 
California; one sheet preserved, Arboretum plots, Wray M. Bowden, July 25, 
1955. Cyt. No. 1756S1, seed col. by G. L. Stebbins, Jr. ET 3156, from Steam- 
boat Spring, Washoe Co., Nevada; three sheets preserved, Arboretum plots, 
Wray M. Bowden, July 13 and July 25, 1956. 
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Experiments on Transplanted Material 

The author was able to make observations on the living plants of all acces- 
sions in the experimental plots from 1953 to 1956. While the study of dried 
specimens yielded valuable information, the study of the living plants proved 
to be of great value in finding numerous morphological characteristics that 
could be used to distinguish the taxa. For example, the differences in the 
foliage of Elymus mollis Trin. and E. arenarius L. were first noted in the living 
plants. The observations could be made on dried specimens but the differ- 
ences were not as readily observed on dried leaves. In E. mollis, the adaxial 
surfaces of the leaf blades were greenish but sometimes there was a very thin 
sky-gray bloom, and the abaxial surfaces had a thick bloom that tended to 
rub off late in the summer. In contrast, both surfaces of the leaf blades of 
E. arenarius had a thick sky-gray bloom. 

Observations on living plants of the . mollis complex yielded some helpful 
data. The plot-grown specimens were similar but not always exactly identical 
with the original field specimens. That is, the relative morphological differ- 
ences that were considered to be taxonomically significant could be observed 
in the plot and field specimens of the different accessions. For example, the 
morphological differences that were used to determine the original dried field 
specimens of accessions of E. mollis subsp. mollis, subsp. villosissimus, and one 
intermediate collection were also observed in the living plot plants and the 
dried specimens prepared from the plot-grown plants. The plot-grown 
specimens of E. mollis subsp. mollis were practically identical with the original 
field specimens. The plot-grown specimens of E. mollis subsp. villosissimus 
and the one intermediate collection showed more vigorous development than 
the original field specimens and the spikes were somewhat more robust than 
in the original plants. These differences were probably due to the differences 
in environment, i.e., soil, temperature, length of day, etc., since the original 
habitats of subsp. villosissimus and the intermediate specimens had much more 
rigorous climates than the experimental plots at Ottawa. Although the 
morphology of these plot plants was not identical with the original specimens, 
the relative morphological differences could be observed without difficulty. 
This information was very helpful to the author in assessing the value of 
morphological differences between the different taxa. 

The plants of the three nothomorphs of E. X vancouverensis were quite 
distinct from one another in the plots. The plants of nm. vancouverensis 
had leaves with shining surfaces compared with those of nm. californicus and 
nm. crescentianus. Two accessions of nm. californicus showed the char- 
acteristics of one parent very strongly, i.e. £. mollis var. mollis: the habits of 
the plants strongly suggested some characteristics of the latter. The large 
clone of nm. crescentianus was morphologically distinct from all the other 
plants of the other two nothomorphs. 


Flowering Dates 


Dates of first anthesis were recorded during the springs and early summers 
of 1954 and 1955. Thirteen collections of . mollis subsp. mollis, two collec- 
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tions of subsp. villosissimus, and one collection of the intermediate (subsp. 
mollis inter. subsp. villosissimus) were studied. The Arctic plants of subsp. 
villosissimus consistently bloomed first; 622C2, from Coral Harbour, South- 
ampton Island, bloomed on May 18, 1954, and May 16, 1955; and plants of 
subsp. villosissimus, 141351, from Bathurst Inlet, bloomed on May 20, 1954, 
and May 16, 1955. The intermediate specimens, 1345C5, from Fort Chur- 
chill, Manitoba, bloomed on May 19, 1955. Thirteen collections of E. mollis 
subsp. mollis bloomed from May 24, 1954, to June 13, 1954, and from May 24 
to June 6, 1955. From these data, it appears that the Arctic plants of subsp. 
villosissimus grew and bloomed earlier in the late springs and early summers 
than plants of subsp. mollis. Plants of E. arenarius bloomed on June 15 and 
16, 1954, and June 7, 1955. Collections of FE. racemosus var. sabulosus 
bloomed on June 23, 1954, and June 14 and 16, 1955. 


Artificial and Natural Self- and Cross-Pollination 

Smith (37) studied three species of Elymus that set very few seeds following 
self-pollination: E. angustus, E. triticoides, and E. racemosus (as giganteus). 
After cross-pollination, a larger number of seeds was consistently obtained. 


Elymus mollis subsp. mollis var. mollis 

Spikes of some accessions were bagged and artificially self-pollinated. All 
the plants that I examined were highly to partly self-fertile. Under natural 
conditions, seeds can be formed by both self-pollination and cross-pollination 
from wind-borne pollen. 

In the following list, the accession numbers of the plants tested are followed 
by the numbers of seeds set. The upper parts of some spikes were removed 
so that the number of seeds set does not mean the maximum per spike possible 
under normal conditions. The results, following artificial self-pollination, 
were: 1705C1 (7 seeds), 111152 (23 seeds), 652C1 (13 seeds), 111254 (20 
seeds), 1487C1 (53 seeds), 1533C5 (22 seeds), 1533C6 (28 seeds), 155753 (30 
seeds), 1565S2 (38 seeds), 156551 (27 seeds), 1533C1 (31 seeds), and 1533C5 
(26 seeds). 

Open-field-pollinated spikes (not bagged) of E. mollis var. mollis were ex- 
amined for seed set in July, 1954. The following results were noted: 652C1 
(47 seeds), 672 (12 thin seeds), 1112S4 (37 seeds), 1487C1 (62 seeds), 1533C1 
(88 seeds), 1533C5 (73 seeds), 1533C6 (78 seeds), 155753 (73 seeds), 1565S1 
(60 seeds), 137184 (13 seeds, plant bloomed late), 1372S2 (56 seeds), 135054 
(8 seeds), and 1350S3 (5 seeds). 


Elymus mollis subsp. villosissimus 

One open-field spike of 622C2 was examined in July, 1954; the plant was 
originally from Coral Harbour. The spike had 45 viable seeds. Two spikes 
of 1345C5 were examined in July, 1955 and no seed was set. The plant was 
an intermediate (subsp. mollis inter subsp. villosissimus) from Fort Churchill, 
Manitoba. 
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Elymus arenarius 

A very high seed set was observed in all plants of E. arenarius. Bond (4) 
stated that ‘‘the average number of grains to the ear is about fifty, with a 
maximum of seventy-nine.”’ In the results of self-pollination listed below, 
the whole spikes, except where otherwise noted, were selfed so that the higher 
number of seeds per spike cannot always be directly compared with the results 
for E. mollis var. mollis where parts of the spikes were removed prior to pol- 
lination. The results following artificial self-pollination in E. arenarius were: 
1521S1 (first spike, 75 seeds), 1521S1 (second spike, 48 seeds), 1521S1 (third 
spike, 57 seeds), 1521S1 (fourth spike, top of spike removed, 39 seeds), 1521 
(fifth spike, top of spike removed, 30 seeds); 157351 (first spike, 74 seeds), 
1573S1 (second spike, 94 seeds), 1573S1 (third spike, 67 seeds); 1574S1 (first 
spike, 59 seeds), 157451 (second spike, top of spike removed, 24 seeds), and 
1574S2 (top of spike removed, 39 seeds). In open-field-pollinated spikes of 
E. arenarius, the following seed set was noted in August, 1954: 1573S1 
(first spike, 116 seeds), 1573S1 (second spike, 106 seeds), 157451 (94 seeds), 
1574S2 (116 seeds), 1521S1 (first spike, 89 seeds), 152151 (second spike, 
134 seeds). 


Elymus X vancouverensis 

Plants of this taxon appear to be hybrids between E. moilis var. mollis 
and another species, probably E. triticoides. Some herbarium specimens of 
nm. vancouverensis had mature spikes but no seeds could be found. Stebbins 
(40) noted that plants of nm. californicus set very little seed in the plots at 
Berkeley. 

In our arboretum plots, the plants of the three nothomorphs of E. X& van- 
couverensis produced large numbers of flowering culms; nm. vancouverensis 
produced exceptionally numerous flowering culms. Some spikes of each 
nothomorph were bagged and self-pollinated. The artificial self-pollinations 
were made on spikes of: 1608 C1, C2, and C3, 1789C1 and 1795C1 (five spikes 
of nm. vancouverensis); 1678C1 and C2, two spikes of nm. californicus); 
and 1792C1, two spikes of nm. crescentianus. No seeds were set in any of the 
spikes. Numerous open-field-pollinated spikes were also observed for two 
seasons and no seeds could be found. Spikes of plants of nm. vancouverensis, 
nm. californicus, and nm. crescentianus were therefore completely sterile. 


Examination of Pollen 

Pollen of some plants of the E. mollis complex was examined in iodine — po- 
tassium iodide solution. The following observations proved helpful in analyz- 
ing the material. Anthers of several accessions of E. mollis var. mollis were 
examined. The grains were well formed and the contents were deeply stained 
in the solution. In 1533C1, E. mollis var. mollis {. scabrinervis, these were 107 
good grains to 22 bad pollen grains; 622C2, E. mollis subsp. villosissimus, 
85 good to 35 bad grains; 141351, E. mollis subsp. villosissimus, 84 good to 
40 bad pollen grains. In 1345C5, intermediate plant (subsp. mollis inter 
subsp. villosissimus), there were abundant pollen grains but most of them were 
empty; a few grains had deep-staining contents. 
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In plants of the hybrid complex, E. X vancouverensis, study of the anthers 
gave the following results. In 1789C1, 1795C1, 1796C1, 1608C1, and 1804C1, 
nm. vancouverensis, the pollen was completely bad and the pollen remained 
inside the anther walls. In 1678C1, nm. californicus, most of the pollen was 
bad, but some of the anthers dehisced. Some anthers had more pollen grains 
with stained contents than others. One of the better anthers had 17 stained 
grains to 93 unstained ones. In 1792C1, nm. crescentianus, the pollen grains 
were completely bad and remained inside the anther walls. The anthers of 
nm. vancouverensis and nm. crescentianus were very narrow and not normally 
developed compared with those of E. mollis var. mollis. 


Discussion 


Ecology of Section Psammelymus 

Plants of Elymus arenarius L., E. mollis Trin., and E. racemosus Lam. are 
naturally distributed in sandy areas on the shores of oceans, seas, lakes, and 
rivers. The stands are sometimes sparse but often occur in dense bands above 
the high-tide or high-water marks. The rhizomes of these species can with- 
stand considerable drought. Several parcels of dry rhizomes were sent to me 
from British Columbia and one from the Netherlands. The rhizomes revived 
quickly and formed vigorous plants. Under natural conditions in the field, 
many of the sandy areas where these E/ymus plants grow have dry periods but 
the plants thrive in such situations. 


Elymus racemosus 

Elymus racemosus is a Central Asiatic species and occurs in habitats that 
have been available for the more or less continuous occupancy of plants for a 
long time. Much of Central Asia was not glaciated during the Pleistocene 
(see Pl. 43 of Hultén (14)). The region is rich in many different closely 
related species, varieties, and forms belonging to section Psammelymus of the 
genus Elymus. Central Asia is part of the central ancestral area in which 
several Elymus species originated or were derived from the ancestral stock. 
Of the Central Asiatic species of Elymus, E. angustus is the nearest relative 
of E. racemosus var. sabulosus. The phylogenetic relationships are suggested 


in Fig. 31. 


Elymus arenarius 

Certain plants of E. arenarius have characteristics that show resemblances 
to some of the specimens of E. racemosus var. sabulosus, especially plants of 
the latter with three spikelets at the rachis nodes (Fig. 14). The octoploid 
species, E. arenarius, may have developed as a fertile polyploid from the 
hybridization of several distinct but closely related taxa. Cytotaxonomic 
evidence suggests to me that FE. racemosus var. sabulosus was one of the 
ancestral parents. I expect that the second parent was a tetraploid variant 
of an undetermined awnless species of Elymus or of a closely related genus such 
as Agropyron but I am unable to state its identity. On strong evidence of 
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Elymus mollis subsp. villosissimus (28) 
Elymus mollis subsp. interior 


Elymus mollis subsp. mollis var. mollis (28) 







Elymus mollis forma simulans (28) 
subsp. mollis 
var. japonicus forma scabrinervis (28) 





Elymus x vancouverensis 
nm, vancouverensis (42) 











Ancestral Stock nm, californicus (42) 
(North Pacific nm. crescentianus (28) 
Coast) Other parent was probably 
Elymus triticoides (28). @) 


Fics. 31, 32. Phylogenetic relationships of some species of Elymus. The numbers in 
parentheses are the somatic chromosome numbers. Fig. 31. Relationships of five species. 
Fig. 32. The Elymus mollis Trin. complex and the hybrid complex, E. X vancouverensis 
Vasey. 
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morphology and geographical distribution, I consider that the second parent 
was neither E. racemosus var. racemosus nor E. mollis. The ancestral area 
where E. arenarius first evolved was probably the region from the Black Sea 
to the shores of the North and Baltic Seas. Much of the range now occupied 
by plants of E. arenarius (Fig. 1) was glaciated during the Pleistocene. 
Plants of E. arenarius could have survived on the coasts of Southern England 
and Northern France and spread to the present range after the glaciers had 
retreated. 


The Elymus mollis Complex 

While the center of origin of E. arenarius and E. racemosus was in the 
European to Central Asiatic area, the tetraploid E. mollis complex appears 
to have originated on the northern coasts of the Pacific Ocean. The center 
of origin was in Kamchatka and adjacent areas. The nearest allied species 
is probably E. dasystachys, which Nevski (17) stated is distributed in Eastern 
and Western Siberia from Altai to Dauria. The phylogenetic relationships 
of the E. mollis complex are suggested in Fig. 32. 

Plants of the three subspecies of £. mollis (subsp. mollis, subsp. villosissimus, 
and subsp. interior) are found in Kamchatka and adjacent areas in northeastern 
Asia. All three subspecies evolved in that area over a long period of time. 
Plants of subspecies mollis spread to other areas and probably reached the 
eastern coast of North America before the Pleistocene glaciations. Subspecies 
mollis evidently survived the Pleistocene glaciations in unglaciated areas 
such as the shores of the Sea of Japan, Sea of Okhotsk, some localities in 
Kamchatka and areas in Alaska, and some populations survived on both 
the eastern and western coasts of North America. Plants of subsp. villosis- 
simus appear to have survived in some areas in Kamchatka, Alaska, and 
adjacent areas and perhaps in parts of the Canadian Arctic as suggested by 
Porsild (30). Subspecies interior survived in several locations in northeastern 
Asia; see Pl. 43 of Hultén (14). The present range of E. mollis var. mollis 
(Fig. 5) includes much glaciated area and the plants must have spread from 
surviving populations in the unglaciated areas. Seeds could have been 
distributed by means of strong winds, particularly in the late falls and winters. 

Elymus mollis var. mollis has a rather definite distributional pattern in 
North America. It is found on the eastern and western coasts, and on the 
coast of Southern Greenland and rarely in Iceland. There are isolated 
localities where populations of var. mollis occur at Lake Athabasca, Great 
Slave Lake, and Lake Superior. There are many intermediate specimens in 
Northern Canada (subsp. mollis inter subsp. villosissimus) from Northern 
Quebec to Great Bear Lake. It is possible that if more specimens were 
intensively examined, intermediates may also be found on the northern 
coast of Alaska. It is not known if there are any plants of var. mollis on 
the northern coast of Alaska and northwestern Canada. 

It is rather difficult to explain the isolated occurrences of populations of 
E. mollis var. mollis on the shores of Lake Superior, Lake Athabasca, and 
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Great Slave Lake. The introduction of a few seeds into each of these local- 
ities some thousands of years ago would explain the present distribution; 
I have already demonstrated that plants of this species were highly to partly 
self-fertile. More data are needed to explain these isolated distributions. 
If plants of var. mollis and intermediate specimens are found to occur along 
the northern coast of Alaska, the spread of var. mollis to Great Slave Lake 
and Lake Athabaska after the retreat of the last glaciers was probably from 
the northwestern area. If these typical plants are absent from the northern 
Alaskan and Canadian coasts, some other hypothesis will have to be con- 
sidered. The Lake Superior populations are rather isolated; the nearest 
plants are on the shores of James Bay and the St. Lawrence River. 

Dr. B. Boivin of this Division has suggested to me that E. mollis has prob- 
ably migrated by the spreading of seeds and rhizomes along the shores of 
the postglacial Pleistocene Lakes and that the populations on the shores of 
Lake Superior, Lake Athabasca, and Great Slave Lake are plants that have 
survived after the retreat of the glacial lakes. Presumably the source of 
these plants would have been surviving populations on the eastern coast of 
North America. 


Elymus X vancouverensis 

On the west coast of North America, Elymus X vancouverensis Vasey appears 
to be the result of hybridization between the tetraploid, E. mollis var. mollis, 
and another tetraploid, probably E. triticoides. I suggest the following hypo- 
thesis based on a study of the morphology and geographical distribution of 
the plants, their chromosome numbers, pollen examinations, and cross- and 
self-fertility and cross- and self-sterility. In each somatic chromosome 
complement, the tetraploid, nm. crescentianus, appears to have 14 chromo- 
somes of E. mollis var. mollis and 14 chromosomes of E. triticoides. The 
hexaploid, nm. vancouverensis, may have 28 chromosomes of E. triticoides 
and 14 chromosomes of E. mollis var. mollis. The hexaploid, nm. californicus, 
probably has 28 chromosomes of FE. mollis var. mollis and 14 chromosomes 
of E. triticoides. Presumably the 28 chromosomes from a_ tetraploid 
parent entered the zygote from an unreduced gamete. It is possible that 
an octoploid hybrid (2n=56) may rarely occur with 28 chromosomes from E. 
mollis var. mollis and 28 chromosomes from F. triticoides but I have not yet 
encountered such a plant. 

The above hypothesis of the origin of the three nothomorphs of E. X 
vancouverensis is well supported by a study of the morphology of all the 
specimens. By comparing the specimens of FE. triticoides with those of 
E. mollis var. mollis, the different intermediate combinations of morphological 
species characteristics can be seen to occur in the three nothomorphs. 
Compared with E. mollis var. mollis, specimens of E. triticoides had shorter 
spikes, glabrous culm tops, short scabrous awns on the glumes and lemmas, 
glabrous glume and lemma backs, narrower glumes, and narrower leaves. 
The specimens of E. X vancouverensis are intermediate between the two 
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parental species, E. mollis var. mollis and E. triticoides. ‘The expected differ- 
ences in morphology due to the suggested different genome combinations 
can be observed in specimens of the three nothomorphs. For example, 
the culm top pubescence of nm. californicus is more like the pubescent culm 
tops of E. mollis var. mollis since there are probably two genomes of FE. mollis 
var. mollis and only one genome of E. triticoides which has glabrous culm ‘ops. 
In nm. vancouverensis, the culm top pubescence is much reduced since this 
nothomorph probably has 28 chromosomes of F. triticoides and 14 chromosomes 
of E. mollis var. mollis. 
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Addendum 


After the present paper had been completed, the author reached some 
conclusions concerning the type species of the genus Elymus L. Since the 
type has a bearing on the names of sections and possible segregate genera, 
the following note is added. Elymus arenarius L. was the first type selection 
that was made by Britton and Brown according to the American Code in 
Illustr. Flora Northern United States and Canada. 1:288. 1913. Later, 
Hitchcock, in U.S. Dept. Agr. Bull. 772:93. 1920, chose E. sibiricus L. as 
the type species. 

The genus Elymus L. was established in 1753 with six species: arenarius, 
sibiricus, canadensis, virginicus, caput-medusae, and hystrix. The first 
segregate genus was Asperella of Humboldt, who, in 1790, removed E. hystrix 
from the original six Linnaean species. The next segregate genus, Leymus, 
was created by Hochstetter, who, in 1848, removed £. arenarius from the 
remaining five species. This was in fact the beginning of typification as 
pointed out to me by Dr. F. A. Stafleu (in litt.), who wrote that “ ... Hoch- 
stetter’s establishment of the genus Leymus rules out the choice of E. aren- 
arius.”’ Accordingly, the type selection of Britton and Brown is untenable 
and must be rejected in favor of Hitchcock’s choice of EF. sibiricus L. as the 
type species of Elymus L. Similarly, the treatment of Nevski (27) in 1934 
cannot be followed because, of the original six Linnaean species, he retained 
only FE. arenarius in the genus Elymus; he recognized seven other segregate 
genera to which species of Elymus were transferred. 
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Elymus sibiricus L. belongs to section Elymus of the genus Elymus L. 
Section Elymus includes species with awned glumes and lemmas. Section 
Clinelymus Griseb. in Ledeb. is a synonym of section Elymus. Elymus 
dasystachys Trin. and eight of the species of Elymus listed under section 
Clinelymus by Fernald (7) belong in section Elymus. The other section of 
the genus Elymus is section Psammelymus Griseb. in Ledeb. and includes 
species with awnless glumes and lemmas: E. arenarius L. (lectotype of section 
Psammelymus); E. mollis Trin.; E. racemosus Lam., and E. angustus Trin. 
Elymus X vancouverensis Vasey is an intersectional hybrid since it is thought 
to be a hybrid of E. mollis of section Psammelymus and E. triticoides Buckl. 
of section Elymus. 
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